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ABSTRACT 


A proposed ship propulsion system which incorporates 
superconducting electric machines as the transmission 
system between the prime mover and the propeller is 
described. The propulsion system employs gas turbine 
prime movers, synchronous generators and synchronous 
motors with superconducting field windings, switch gear 
with a cycloconverter, variable frequency, power controller 
between the generators and the motors. The proposed 
system in the DD963 destroyer, which has a gas turbine 
propulsion system. driving controllable pitch propellers 
through reduction gears. The resulting ship is compared 
with the original on the basis of weight and volume. A 
smaller ship with an identical payload but a smaller pro- 
pulsion system is constructed to take advantage of the 
weight and volume savings which are a result of using 
superconducting electric machinery. The smaller ship is 
compared with the original DD963 on the basis of weight, 
volume, effeciency and cost ceiling for the superconduct- 
ing electric propulsion system. 

The proposed superconducting motors and generators 
are modeled mathematically and simulated on a digital 
computer. Components for the motors and generators are 
designed to determine their individual characteristics 
and their interactions with other elements of the machines. 
The design analysis of the superconducting machines 
indicates they will be very small and lightweight. 

Final comparison of the proposed and existing ships 
shows a 14% reduction in ship displacement, a 9% reduc- 
tion in total volume, a 1% reduction in fuel carried and 
a propulsion system that is 50% lighter and requires 33% 
less volume. 
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NAVAL ARCHITECTURE DEFINITIONS 





SYMBOL UNITS DEFINITION 


I. Gross Characteristics 


A (tons) Fuel Load Displacement 

v (ft?) Total internal volume 

L or LBP (ft) Length of hull at waterline 

B (ft) Beam(width) of hull 

Dave (ft) Average depth or average 
height of main deck 

T Cit) Draft of hull 

VCG (ft) Vertical Center of Gravity 
of ship 

C., Prismatic coefficient. The 


percentage of a prism, which 
is the same L,B,T as the 
underwater hull, actually 
filled by the underwater 
hull. For a Box of L,B,and 
T units, C = ]. 


C Midship section coefficient. 

7 The percentage of a rectangle, 
which is the same B and T as 
the underwater hull, actually 
filled by the midship hull 
cross section. For a rectangle 


= 1, 
x 
GM/B Measure of ship stability 
(Resistance to rolling) 
| a (knots) Maximum sustained speed 
| REV. (Naut.Mi.@Kts) Range at cruising speed 
y 
| SHP (hp) Main propulsion horsepower 
rating 
SFC (lbs/hp-hr) Specific fuel consumption in 
pounds per horsepower-hour 
M (M) Total manning complement 











3 YMBOL UNITS DEFINITION 


II. Weight Fractions* 


WTGP1/ A Structural weight fraction 

Wp/a Machinery Box weight fraction 

WIGP2/ a Propulsion system weight 
fraction 

WoPS/ 4 Ships operations weight 
fraction 

WDERS/ A Personnel weight fraction 

Woay / A Payload weight fraction 


III. Volume Fractions 


VOL MB/ Vv Machinery Box volume fraction 

VOL OPS/ v Ships operations volume 
fraction 

VOL PERS/V Personnel volume fraction 

VOL PAY/ v Payload volume fraction 


* weight and volume fractions are non-dimensional 


IV. Specific Ratios 


WTGP2/SHP (1lbs/SHP) Propulsion system specific 
| weight 

VOL MB/SHP (£t°/SHP) Maehinery Box specific 
| volume 
| VOL HAB/M (£+?/MAN) Personnel specific volume 


|v. Densities 


DISPLACEMENT/VOLUME (lbs/ft’) Total ship density 


VI.. BSCI Weight Groups * 


BSCI weight groups are a breakdown of ship weights by ship 
systems as listed below: 


WTGP1 (tons) Hull Structure 
10 





oYMBOL 


WTGP2 
WTGP3 
WTGP4 
WIGP5 
WIGP6 
WTGP?7 
WTGP8 


UNITS 





(tons) 
(tons) 
(tons) 
(tons) 
(tons) 
(tons) 
(tons) 


DEFINITION 


Propulsion System 
Flectric Plant 
Communication and Control 
Auxiliary Systems 

Outfit and Furnishings 
Armament 

Loads 


* Complete listing of the contents of each weight group 


are contained in Appendix I. 
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INTRODUCTION 


Superconducting electrical machines can now be 
considered "state-of-the-art" for marine applications. 
This paper investigates the impact of converting a DD963 
gas turbine driven propulsion plant from mechanical power 
transmission to superconducting electrical power trans- 
mission. The DD963 is a 7885 ton, twin screw, 30+ knot 
destroyer with a 6000 mile endurance range. The propul- 
sion plant prime movers are four 20,000 horsepower gas 
turbines. The mechanical drive propulsion system of the 
(| DD963 requires two gas turbines driving the reduction 
gear for each shaft. The physical connection of a gas 
turbine to a reduction gear limits a gas turbine to 
driving that one shaft only. Ina electric drive pro- 
pulsion system any one gas turbine can drive either or 
both shafts at the same time. At the cruising speed of 
' 20 knots, the mechanical system required two gas turbines 
(one for each shaft) to be in operation. At this low 
power level, each turbine is operating in a very unecono- 
i mical off-optimum fuel consumption performance mode. A 
| Single gas turbine providing the power for a 20 knot 
cruising speed and using electric drive to transmit 
this power to both shafts, operates at a more economical 


performance power level. For this reason, an electric 
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drive requires much less fuel than the mechanical drive 
system. The criteria for comparing the electric drive 
ship to the original mechanical drive DD963 is the ships 
must perform the same military mission without changing 
the speed and endurance characteristics. 

Figure 1 contains a major weight breakdown for the 
DD963 baseline ship, a four gas turbine electric drive 
ship, and a three gas turbine electric drive ship. When 
a straight conversion of the four gas turbine driven 
DD963 to electric drive is made a propulsion plant 
weight and fuel weight savings of 485.1 tons is realized. 
Since the DD963 is a weight limited ship (no weight margin 
to spare), this is a dramatic improvement in the overall 
ship characteristic. 

The DD963 was originally designed with a large 
excess margin of volume, which is now even greater with 
the 485 ton reduction in displacement. The next logical 
step was to take full advantage of the propulsion plant 
and fuel weight reductions and reduce the overall size 
of the ship. This further reduced the fuel weight: less 
fuel required to drive a smaller lighter weight ship. 

A smaller and lighter ship also requires less installed 
horsepower, which permitted the reduction of the propul- 
sion plant to three 20,000 horsepower gas turbines. An 


overall savings due to hull, propulsion plant and fuel 


{ 13 








weight reductions ina three gas turbined powered ship 


is 1084 tons for a 14% weight reduction over the base- 


line ship. 


The three-engined ship has the same mission perforn- 


ance capabilities as the larger four-engined ship. The 


only differences between the two ships is the three- 


engined ship is cheaper to build, maintain and operate. 


Hull Structure 
Propulsion 

Electric Plant 
Command & Control 
Auxiliary Systems 
Outfit & Furnishings 
Armament 

Margin 

Fuel 

Loads 


Full Load 
Displacement 


% Weight Saving from 
Baseline 


MAJOR WEIGHT BREAKDOWN 


FOR THE DD963 BASELINE SHIP 
AND TWO ALTERNATIVE ELECTRIC DRIVE SHIPS 


Figure 1 
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DD963 4 ENGINED 3 ENGINED 
BASELINE ELECTRIC DRIVE ELECTRIC DRIVE 
915762 3105.6 2757.7 
789.2 504.1 4O1.2 
296.8 296.8 275.9 
250.3 250.3 250.3 
739.8 739.8 (SIRS, 
454.3 454.3 445.9 
159.2 159.2 159.2 
100 100 100 

1606 1404 1334 

353 353 341 

7885 7366.4 6800.7 

0 6% 14% 











In comparison to other propulsion systems, the super- 
conduction electric machinery offers a truly compatable 
transmission system with which to take advantage of the 
high-speed, compact and highly maintainable gas turbine, 
without the use of gears or controllable reversible pitch 
propellers for reversing. The arrangement flexibility 
inherent to electrical propulsion systems can now be 
realized without the weight penalty associated with con- 
ventional electrical machines. The cost of installing 
superconducting machines onboard a ship appears to be 
feasible when compared to the potential benefits associated 


with this use. 
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CHAPTER 1 
ELECTRICAL MACHINERY FOR SHIP PROPULSION 


1.1 Background 


Interest in electrical propulsion systems has been 
generated by their inherent ability to provide speed 
reduction between a high-speed, efficient, lightweight 
prime mover and a much slower, efficient propeller. The 
primary advantages of such an installation is the flex- 
ibility of design andarrangement of the machinery plant 
and the flexibility of control. 

While electrical transmission systems have a number 
of advantages, the primary reasons for a lack of wide- 
spread use have been: 


Higher acquisition cost than mechanical drive 
alternatives. 


Greater weight and volume requirements than mechani- 
cal drives. 


Higher transmission losses overall, resulting in 
a lower total system efficiency and a higher fuel 
usage than mechanical drives. 


With the development of superconducting electrical 
machinery for shipboard use, a great savings in weight, 
cost and volume may now be obtainable. Superconducting 
machinery provides all of the advantages of electrical 


propulsion with the disadvantages of large weight and 
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volume being greatly reduced. The reductions in size and 
volume can have a dramatic effect upon the ship design 
by eliminating the need for the large machinery box 
required by the current mechanical drive propulsion 
systems. The result will be an increase in available 
volume ina highly desirable location, which can then 
be used for other shipboard functions. Another alternative 
result of a volume and weight saving propulsion system 
may be a smaller and less expensive ship that performs 
the same missions as the larger volume ship with a 
mechanical drive system. 

In the case where the power plant requires the use 
of several prime movers, the electric drive provides 
an efficient method of coupling these units to the 
propeller without the use of mechanical clutches or 
couplings. The electric drive system can be arranged 
in such a manner that the ship operating at less than 
full power will require only a minimum number of prime 


movers to be in service. (Chapter 2 contains the propulsion 


|) plant operating characteristics.) This contributes to 








i} greater fuel economy and provides down time for routine 
maintenance on idle propulsion units. 

Since some prime movers, such as gas turbines, are 
| unidirectional machines; an electric drive can produce 


the required reverse rotation of the propeller by relatively 
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simple controls. This eliminates the requirement of the 
unidirectional prime movers for controllable and reversable- 
pitch propellers (CRP) to provide the desired reverse 
rotation. Switching to fixed-pitch propellers eliminates 
several disadvantages of the CRP: the extensive hydraulic 
control system, the maximum upper loading limit of a single 
propeller to 40,000 shaft horsepower, and the reduced 
effeciency of a CRP propeller over a fixed pitch propeller 
of the same given size and characteristics. 

Electric propulsion systems are classified as 
either direct-current (dc) or alternating-current (ac). 
Electric systems can further be defined by the type of 
prime mover involved, such as diesel engines or gas 
turbines. Traditionally dc drives have been desirable 
because they provide more rapid and continuous control 
of the propeller speed for excellent maneuverablility. 
As a result, superconductors were first applied to dc 
machines, thus increasing the maximum practical power 
level while allowing for small, light weight machinery. 
Superconducting dc machines require that full electric 
power must be carried onto the rotor at high current 
and low voltage. This presents significant current 
collection problems in high-power machines and constitutes 
a distinct disadvantage. (2) (2) (3) 


The high-power electrical connections for an ac 
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machine can be made directly to a stationary armature 
winding. They are of high voltage and low current when 
compared to a dc machine and are not subject to the high 
current collection problems of the dc machine. However, 
a high-power ac machine will require a rotating super- 
conducting field winding of low current and voltage. 
High-power ac synchronous machines have been proven 
practical by experimentation at warn (2) (3) (4) and elsewhere. 
A great deal of work has also gone into proving that ac 
machines are suited for shipboard use, 69) (6) (7) (8) 

The superconducting synchronous motor and generator 
under investigation in this paper belongs to the class 
of machines referred to as cold shield superconducting 
machines.(see Fig. 1.2) The principal functions of 
the cold shield (referred to as cryogenic shield or shield) 
are to shield the superconducting field winding from 
alternating magnetic fields and to prevent heat transfer 
in the form of thermal radiation, ‘2) (4) The rotor itself 
is held at or near 4.2°K while the shield would operate 
at a temperature of about 20°K. The damper shield (called 
the damper) operates at approximately room temperature 
and serves as an electro-mechanical damper and as a shield 
for time-varying fields. In the event of a fault, the 
damper absorbs strong crushing and torque loads. These 


loads are so strong that the damper mst be strong, 
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consequently thick, relative to the shield. (8) 

The rotor cross section consists of eight elements. 
(see Fig. 1.1) Arranged from inside to outside, they 
are: torque tube, superconducting field winding, field 
hoop support, shield insulation gap, shield, shield 
support, damper insulation gap, and damper. Between the 
armature and the damper is a gap which holds a vacuum to 
reduce the rotor windage loss and to provide thermal 
insulation. 

The outer shell outside the armature (called the stator 
core) provides a uniform boundary condition and confines 
the magnetic field to the machine. This shell is of 
laminated iron to reduce eddy current losses. The iron 
in this shield is soft and must be surrounded by an outer 
shell to protect it. This steel outer shell acts as a 
frame and serves as a structural support for the entire 
machine. Fig. 1.1 

The torque tube is actually a cylinder that serves 
as a cryogenic thermal distance piece and supports the 
field winding. The torque tube must be thick enough to 
withstand the torque that is imparted to the cylinder by 
the magnetic flux field. The torque tube is sized for 
normal torque, based on the machine's full power rating. 


stainless steel is used for the construction of the torque 


tube. 
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A superconducting field winding is the heart of the 
superconducting machine. This superconducting field 
' produces an intense magnetic field without the use of: 
heavy and bulky ferrous material, electrical dissipation, 
and negligible electric power losses. When the temperature 
is reduced below a critical value (approximately 5°K) the 
superconductors support very high currents without 
resistance losses. Current in the stationary armature 
winding interacts with the large flux wave generated by 
the field winding and pulls the rotor around at synchro- 
nous speed in the same manner as a conventional machine. 
A conventional electric motor or generator operating at 
room temperature requires a heavy iron core to produce 
the magnetic fields necessary for proper operation. At 
these temperatures, there is electrical dissipation and 
power losses. To overcome these losses, the machine must 
be made even larger. The size and weight of the iron 
core then controls the size of the conventional machine. 
Conventional machines become big and heavy when compared 
to superconducting machines of the same size. It is in 
this manner that a much smaller superconducting machine 
develops the same horsepower as a much larger conventional 


machine, (2) 65) (6) (7) (9) 


1.2 Baseline Ship 


A particular propulsion system cannot be judged 
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"as good as" or "better than” another propulsion system 
unless the systems are compared for a particular mission. 
For a Navy ship the primary mission of the propulsion 
system is to move a given pay load over a given distance 

at a required speed. Simple comparison of one propulsion 
system to another is not sufficient. The overall impact 

of each system on a given ship must be determined. 

Since, in most cases, the propulsion system has the largest 
single impact on the total ship, the propulsion plant 
becomes a major factor in final ship size, cost and pay 

q, (10) 


loa The sizeable volume and weight required for 


a propulsion plant and its fuel over shadows all other 
volume and weight requirements ina Navy ship. Not only 
is the magnitude large, but a feature unique to the 
propulsion system requires space which cannot be split 
up or scattered throughtout the ship, and in most cases 
it occupies the prime space in the ship. 21) For the 
above reasons, a ship with a conventional propulsion 
system was needed for propulsion system comparison. Such 
a baseline ship was found in the DD963 class ship. The 
selection was based on the following primary consideration: 
The best lightweight prime movers for the superconducting 
system are gas turbines;therefore, the baseline ship 


Should be gas turbine powered. 


The selection of the DD963 as the baseline ship was 
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governed by the fact that it is the only totally gas 
turbine powered ship in the U.S. Navy about which a good 
deal of specifications and information has been published. 
The basic characteristics of the DD963 are contained in 


Table 1.1, (12) (13) The power plant weights by BSCI 


subgroups are shown in Table 1.2, (12) 


The discrepancy 
between weight group 2 in Table 1.1 and the propulsions 
plant total weight in Table 1.2 can probably be attribu- 
ted to two different authors assigning individual aux- 
iliary equipment weights to different weight groups. 

For a comparison of propulsion systems to be 
based on a computer synthesis model, the volume and 
weight associated with the remaining ship functions 
must be held constant. The items to be held constant 
are BSCI weight groups 3,4,5,6 and 7. (see Table 1.1 for 
definition of BSCI weight groups). The full load loads 
will be allowed to change only to the extent required 
by changes in fuel dictated by the respective power 
plants. Weight group 1 will change by the amount 
required to compensate for different propulsion plant 
sizes and the different fuel requirements associated with 
each propulsion plant. With the above criteria being 
observed throughout the computer simulations, the re- 
sultant weight and volume changes will be due only to 
propulsion plant changes. The selection of the "best" 
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Length 

Beam 

Draft 

speed 
Displacement 
Crew 
Propulsion 


Electrical 
Power 


Armament 


sensors 


BSCI_ GROUP 
1 


“EAN & WW N 


529 ft. water line, 563.3 ft. overall 

55 et. ° 

29 ft. (navigational) 19 ft. (hull) 

30° knots 

Approximately 7800 Long Tons (fully loaded) 
Approximately 18 officers 232 enlisted men 
4 LM2500 Gas turbine engines 

80,000 shp 

2 shafts, 2 Controllable Pitch Propellers 


3 Gas turbine driven generators 
2-5", 54 caliber guns 

1 ASROC 8 Tube Launcher 

2 ASW Torpedo Mounts-Triple barrel 
Fire Control, Surface Search and Air 
Search Radars, Long Range Sonar 


DESCRIPTION WI (LONG TONS) 
Hull Structure 3105.54 
Propulsion 759.93 
Electric Plant 293.81 
Communications & Control 354.17 
Auxiliary Systems 722.98 
Outfit & Furnishings 452.01 
Armament 152.16 
Light Ship (W/O Margin) 5829.61 
Margin | 89.87 
Light Ship (with Margin) 5919.48 
Full Load Loads | 1865.66 
Full Load Displacement — 7785.14 
Table 1.1 
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BSCI NO. 
201 
203 
204 
205 
206 
210 
211 
250 
251 


3U BGROUP DESCRIPTION 


Propulsion Units 

Shafting, Bearings & Propellers 
Combustion Air Supply Systems 
Uptakes(Smoke pipes) 

Propulsion Control Equip. 

Fuel 011 Service System 
Lubricating 0il System 
Propulsion Repair Parts 
Propulsion Operating Fluids 


Total 


WT (LONG TONS) 
244.14 
259.45 

58.34 

130.51 

10.97 

10.10 

31.24 

8.50 

42.23 


789.18 


Dry Weights of Principal Propulsion Components 


COMPONENTS NO.PER SHIP 
Propulsion Gas Turbines 4 
Propulsion Reduction Gears,Inc.Acc.* 2 
Propulsion Bed Plates 2 
Shafting *N/A(Total) 
CRP Propellers ¥ 2 
CRP Propeller Hyd.0il Power Module * 2 
CRP Propeller 0il1 Dist. Box a2 
Line Shaft Bearings Selb 
Prop.GT Enclosure Cooling Fans 4 

IR Suppression Booster Pumps 2 

FO Service Booster Pumps 4 

LO Service Pumps un 
Prop GT Lube 011 Storage & 

Conditioning Assembly L 
Prop GT Free Standing Electronics 


Enclosures 


*Removed or replaced for electric propulsion 


Total 


Table 1.2 
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WI (LONG TONS) 
81.25 


149.56 
53.58 
156.43(34 ton/ft) 
46.88 
545 
2.32 
9.72 
2.32 
1.61 
1.25 
46 


2.95 
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propulsion pliant can be based between two ships identical 
in mission performance with differences only in propulsion 
plant size, weight and operating charcteristics. 

With this data as input, a ship synthesis model 


computer program!24) 


was used to simulate each of the 
different propulsion systems and resultant ship. A 
sample output of this computer program is shown in 
Appendix H. 
- It soon became evident that the DD963 would not 

fit directly into the ship synthesis model without some 
“bias” being fed into the computer program. The synthesis 
model is based on all past design practices and limita- 
tions; the DD963 is based upon a present and new design 
philosophy. ‘15) 

The DD963 is a very spacious and roomy ship by any 
design standards. When the DD963 specifications were 
fed into the computer model, it generated a ship 900 long 
tons lighter than and 100,000 cubic feet of internal 
volume smaller than the actual DD963. - This is due primarily 
to the DD963 being a weight limited ship with excess 
volume available for all shipboard functions. The "bias" 
had to be fed into the computer program to include this 
excess volume in the simulated ships. 

During the comparison of the electric propulsion 


System to the mechanical propulsion system, care had to 
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be taken not to lose this excess volume when the electric 
propulsion was inserted into the program. Loss of this 
excess volume would give a false indication of the 
desirablility of the electric propulsion systme due to 

a much smaller volume requirement for propulsion machinery. 

As a check to ensure that none of this excess volume 
was lost or misplaced by the computer program, the decision 
was made to make two comparisons of the electric propulsion 
system and the mechanical propulsion system. This will 
indicate if a volume saving is due to the electric pro- 
pulsion system or if it is due to the tightening up of 
a loose design. 

The first comparison is to be made between DD963s:: 
with the excess volume as simulated in the computer with 
bias included in the program. The second comparison 
is to be made between DD963s as simulated on the computer 
based on past design limits where no excess volume is to 
be found. If the same relative volume and weight changes 
are observed in both comparisons, it would be a good 
indication that resultant weight and volume savings, (as 
simulated in the computer), of the electric propulsion 
system based on the actual DD963 would indeed be a realized 
saving and not a false indication of volume reduction. 

The DD963 is limited in weight,with any weight decrease 


bringing about an improvement in overall ship characteristics. 


2g 





The big advantage in the electric propulsion system is 
the weight savings due to decreased fuel and propulsion 
plant weight. The actual results of these comparisons 


can be found in Chapter 5, with sample computer outputs 


given in Appendix H and E. 
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CHAPTER 2 
PROPULSION MACHINERY DESCRIPTION 


2.1 Machinery Characteristics 

Once the prime mover and the transmission system 
have been selected the next design step is the selection 
of the basic propulsion plant configuration. At this 
point, the physical location of the individual pieces of 
equipment within the ship is not critical. The importance 
lies in how the power is to be passed from one unit to 


another to end up at the propeller with the least power 
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Figure 2.1 
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loss. A straight conversion of the DD963 power plant to 
electric propulsion is shown in Fig. 2.1. 

The four gas turbines are "of type” LM-2500 configured 
in an enclosed module for marine installation. ‘The 
enclosed module provides engine cooling, sound attenuation, 
internal lighting, view windows, and fire extinguishing 
capability. Output power is via two flexible couplings 
connected directly to the input shaft of the superconduct- 
ing generator. The characteristics of the gas turbine 
are given in Table 2.1. The performance characteristics 


are shown in Fig. 2.2 and 2.3. 


Rating Conditions 


Inlet Air Temperature (Power rating) 100°F 
Inlet Air Temperature (SFC rating 80°F 


Maximum Power Rating 


Brake Horsepower 21.500 HP 
Power Turbine Speed 3,600 RPM 
Specific Fuel Consumption(SFC ) Max 0.42 1b/hp-hr 
Off Design Performance see Fig.2.2 
Dimension (Module) 
Length 26 ft. 6 in. 
Width oft. O-in. 
Height Oita Ooln, 


DD963 PROPULSION 
TURBINE CHARACTERISTICS 


Table 2.1 
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The power out of each gas turbine is transmitted 
directly to a 20,000 HP superconducting generator. The 
operating characteristics and dimensions of the generator 
are shown in Chapter 4. The output frequency of the 
generator will be 60 HZ when the turbine is at 3600 RPM 
(full power), and 30 HZ when the turbine is at 1800 RPM 
(min. operating speed of power turbine), see Fig.2.3. At 
turbine speeds between 1800-3600 RPM, this frequency 
change will directly control the speed of the motor and 
hence the propeller speed. 

The switching power control unit produces one of the 
big advantages of an electric propulsion system over a 
conventional mechanical system. In the mechanical system, 
any given gas turbine is physically connected to a specific 
propeller. In the electric system, any gas turbine-genera- 
tor can be connected to either propeller. At low speeds, 
this can result in great fuel savings, as both propellers 
can be driven by one gas turbine. A single gas turbine 
operating at higher power is much more fuel economical 
than two turbines operating at a lower power rating. In 
Fig. 2.2, one turbine providing 17,000 HP has an SFC of 
445 1b/hp-hr at 3000 RPM, while two turbines providing 
17,000 HP(8,500 HP each) have an SFC of .56 1lb/hp-hr at 
2300 RPM. This works out to be a savings of 1955 lb/hr. 


This is only one example of savings offered by an electric 
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Figure 2.3 
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propulsion system. A detailed breakdown of overall 
savings are given in Chapter 6. 

The control unit performs several important functions. 
The most important is providing the necessary reversibility 
of the propeller by controlling the direction of rotation 
of the superconducting motor. In addition to controlling 
the direction of the motor, the control unit can also 
control the speed of the motor. Speed control is accompl- 
ished by controlling the frequency of the electrical power 
to the motor. A possible method of propeller control 
for propeller speeds of 85 to 170 RPMs, would be the 
control unit employing a fixed frequency reduction and 
the speed of the propeller being controlled directly by 
the speed of the Peoebane (1800-3600 RPM) and the 
electrical output of the generator (30 to 60 HZ). At 
propeller speeds of 30 to 85 RPMs, the control unit 
would control the speed of the motor by using a variable 
frequency reduction. For this range of propeller RPM, 
the gas turbine would be held at a constant speed with 
the generator delivering power at a constant frequency. 
In this example, the control unit controls both the speed 
and direction of the propeller. Examples of different 
control units have been proposed, ‘*) (3) (5) (7) 

In basic design, there is no difference between 


a motor and a generator. Superconducting motors are 
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very similar to the superconducting generators. The major 
difference being, the motors are 40,000 HP each at 200 RPM 
maximum design speed, where the generators are only 

20,000 HP each at 3600 RPM maximum design speed. 

Last in propulsion is the propeller which delivers 
the output of the motor to the water. The controllable- 
reversible-pitch propeller presently on the DD963 can 
be replaced by fixed pitch propellers, which provides a 


higher effeciency. See Table 2.2. 


CRP. FIXED PITCH 
Rated Power 40,000 HP 40,000 HP 
Rating RPM 168 RPM 170 RPM 
Effeciency(open water) 70% 12s, 
Diameter 172 Gs 17 ft. 
No. of Blades 5 5 
Hub Ratio - 30 17 
Expanded Area Ratio PTAs PY dis 
Weight . 23.4 L Tons 18 L Tons 


PROPELLER CHARACTERISTICS 


Table 2.2 


The cryogenic refridgeration system is not shown in 
Fig.2.1, but it is an essential part of the propulsion 
system. The best configuration at present is to have one 


refridgeration system per electric motor, and at: least 
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one system per two electric generators. With cross- 
connect piping installed, this will provide the required 
reliability without excessive redundancy in the cryogenic 
systems. 

Chapter 3 contains the design of the superconducting 
motors and generators described in the above propulsion 
system. The remainder of the electrical transmission 


system is covered in Chapter 4. 
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CHAPTER 3 
DESIGN OF SUPERCONDUCTING MACHINE 


3.1 Introduction 

| An optimization design program for the basic electri- 
cal design of superconducting generators and motors, has 
been used in this thesis, see Appendix A for computer 
program listing. This computer program optimizes the 
machine by seeking a design which minimizes a total "cost 
function", which is a function of machine weight, dimensions 
and operating characteristics. The operation of the 
optimization program and the bulk of the subroutine CF 
Me be found in KIRTEEY et. al.‘*?°") ‘he portion of 
the subroutine CF which computes the damper stress and 
thickness is from a thesis by Tar eETa OO A detailed 
development of the mathematical equations and theory 
abstracted here, can be found in these previous works. 

The function of the computer program is to select 

an optimum design of a superconducting generator or motor 
for a machine of a given physical configuration and horse- 
power rating. An initial set of dimensions is assumed 
for the machine. The computer program, using this 
initial guess as a starting point, attempts to design 
a machine that provides the required horsepower, with 


the least weight, smallest dimensions and least internal 
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power loss based on a set of rules. 
The program is based on an optimization approach. 
For each trial design, a single number, called a "penali- 
zed cost" is generated. The program attempts to find a 
design for which this "penalized cost" function is a 
minimum. To accomplish this, it searches over the values 
of seven machine dimensions and the value of field current, 
see Table 3.1. The cost function is the product of two 
numbers: 
1. The "cost" is the sum of material weights. 
2. Penalty functions are established for 
several variables that will have values 
that are either acceptable or not acceptable. 
The penalty functions have very large values 
when their associated variables are unaccept- 
able. The penalty functions are multiplied 
together and then multiplied by the “cost” 
to form the "penalized cost". Penalty 
functions exist for: 
Maximum field current density 
Shaft critical speed 
shaft stress 
Shield Flux limit 
Damper stress 
Armature inner radius 


Armature insulation thickness 


LO 








START 






GENERATE 
OLD COST 


FUNCTION 
GENERATE 
STEP SIZE CF 
IN ALL 
DIMENSIONS 
GENERATE 
NEW COST 


FUNCTION 










BLOCK DIAGRAM OF PROGRAM 
Figure 3.1 
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See eq. 3.91 for the generation of the penalty functions. 
The optimization approach works by taking each of 
the eight search variables separately, and attempting to 


find a local minimum of the value returned by CF for 


each variable. Three calls to CF are made for each 


variable, with the value of the variable incremented 


twice by a fixed value: 


Y, = CF(V,) Cas) 
Yo = CF(V. aE Tx DV) (3.2) 
Y5 = CF(V, + 2x1, x DV) (353) 


A second order curve of the following form, when fit to 


these three points 


y(V) = av’ + wie (3.4) 


will have as its postition of zero slope 


Yy - HY, + Y 


: 3 (3.5) 
Nite Venn 1 DV oy Wy, + oF 


a 3 


This resulting position will be a minimum of that second 
order curve if the second derivative of Y with respect 


to V is greater than zero 
Sat Y + t4 - 2X, >0 326) 
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The optimization routine then selects the "optimum" 
machine design based on the penalty functions generated 
in subroutine CF, which is fit to the curve of eq. (2.4) 
to find the minimum "cost" times "penalty". Following 
is a summary of the calculations performed in the main 
subroutine CF. 

3.2 subroutine CF 


Subroutine CF utilizes two subroutines, CS and CM, 


which calculate the geometric parameters used in the 


inductance expressions. 


The optimization variables or search variables, (see 


Table 3.1) 


Re; is field inner radius 

Tht 1s field thickness 

Go is field-to-damper gap 

Tak 1s damper thickness 

Gia is damper-to-armature gap 

Tha is armature thickness 

Gos is armature-to-core gap 

I, is field current density 
Table 3.1 


are passed into CF through the vector V, which is the 


only argument into CF from the optimization program. 


es 








With the exception of the values of V and the returned 
value of CF, which is the penalized cost CF, all other 
variables used by CF are fully self-contained within 
the subroutine. All other values generated by CF and 
passed to the output are the optimum machine dimensions 
and characteristics. 
3.2.1 Machine Length and Synchronous Reactance 

The calculation of machine length and synchronous 
reactance is generalized by an arbitrary number of armature 
phases and the inclusion of an armature winding factor. 
This calculation is complicated because of a voltage drop 
in synchronous reactance over the unknown machine length, 
and by the effect of the end turns. The machine rating 


in volt-amperes is given by: 


VA = NyaV4Ty. (3.7) 
where 
VA is rating in volt-amperes 
Na is the number of armature phases 
Vy is phase voltage (RMS) 
i is phase current (RMS) 


The RMS value of the internal voltage may be written as: 


aoe. tiers (3.8) 





4h 


——— 


a 








where 
E. is internal voltage 


M is field-armature mutual inductance, 
| given by eq. (3.13) 


I, is field current 


@ is electrical angular frequency 


The relationship of E. to We can be obtained from the 


phasor diagram for machine operation (see Fig. 3.1). 


JX, Ty 





t 


Complex Phasor Diagram 


for 


Operation as a Generator 


Figure 3.2 


The law of cosines is applied to the above diagram to 


yield: 


Ep, =V, + xg 1," + 2V,x,1, sing (3.9) 
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where X, is machine synchronous reactance in ohms: 


N 


Xa - (3.10) 


and ¥ is power factor angle. Le is the phase self -induct- 
ance, given by eq. (3.14). By dividing and then rearrang- 
ing eq.(3.9) by hae the ratio between terminal voltage 


and internal voltage is obtained: 





a 2 2 : 
‘E,? = jl - x," cos"¥ - x, siny C3321) 
where 
> aoe 
ae: ear 


is the synchronous inductance normalized to internal 


voltage. The two inductances used here are: 











<) e) 
TY wae Owe y* -x* ae 
(3.13) 
a oatto’ a aaah 2 Cc k 2 (3 14) 
a = Ue s wa 


wae 
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where 





_ is active length for mutual coupling 
lane is active length for self-inductance 
na is permeability of free space 
Ne 1s number of armature turns 
Np is number of field winding turns 
or nie 1s armature phase winding angle 
Owfe 1s field winding angle z 
x is armature radius ratio x = === 
ao 
| | Reg 
y is field radius ratio ae as oe 
fo 
Re, is field outer radius 
Roo 1s armature outer radius 
Cc. is the mutual coupling coefficient see eq.(3.30) 
ie is the number of Pole pairs 
C.. is the self-inductance coefficient see eq.(3.31) 
Eo 1s the armature winding factor 


The field and armature currents are related to current 
densities by: 


2 2 
a _ Je were Reo (ty) (3.15) 
f 2N oy 


Jo... R ® (1-x*) 


a wae ao 
i (3.16) 
a eNo+ 
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Now, substituting eqs. (3.8),(3.11),(3.13),(3.14),(3.15) 
and (3.16) into eq.(3.7) and performing some manipula- 


tions yields: 


ee 2 2 : 
VA = P, a 1-x,~ cosy - x, sin¥ (3517) 


where 


Pt2 2+p 2-P 
Ng. ° He JoJ-(1-y Rey Reo C 








ee a OO a OO COC“ 
Po | 2m Wa 
28 8 
sin(-W22) sin( wee) (3.18) 


Substituting eqs.(3.8),(3.10),(3.13), and (3.14) into 
ec.(3.12) yields: 


R 


x, = X; 7 (3.19) 
a 


where 





a a aO wa 


y) 
: wae 2t+p . k 
J2 Ny J. sin( 5 ) E | C. 


xX. = — ee ree eee 
1 Ly Js sin(¢,.,) Reo Cn (1-y“?P ) 
(3.20) 
The effect of end turns on self-inductance can be 
represented by: 
hat Qi+a (3.21) 
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The end turn correction length 4A is postulated to be: 


‘ + Rey 
— > =a Keo Kye (322) 


In this equation Kut is used to describe different end 
turn forms and the factor Kors is used to assign part of 
the end region to mutual coupling. 


Combining eqs.(3.19),(3.20) and (3.21) yields: 





eco) 
By defining: 


mar 
L=-s (3.24) 


and then dividing eq.(3.23) by VA, the following is 


obtained: 


m= \o* - x; (atB) “cos - x. (atB)siny (3.25) 
where 
ta (3.26) 
Q = : 
q, 
5 ae (3.27) 
R 
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Eq.(3.25) can be solved for a: 


a + | a? + 1+ 2x,Bsiny + x. “Bp? (3.28) 


R 
II 


where 


2 : 
x. B + X. Siny 
2S ae (3.29) 


1 - x; 


Per-unit synchronous reactance based on terminal voltage 


is then determined to be: 


ca 


ror 
2 
Fh Ict | 


3.2.2 Geometric Coefficient Ch and C., 


The geometric coefficient Or 1s calculated by the 
subroutine CM, with arguments p,x and w. For mutual 
inductances involving the armature winding, C, is found 


as follows: 
NOT R 
S 


Cn (-1n x + Lier? a if p= 2 


1-x*"P + £2 (1-x2tP)weP 
—_ Se isl ° eee 


C2 
II 


3 if p72 (3.30) 
4—p 
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The geometric coefficient C. is calculated by CS with 


the arguments p,x and w for self inductance. 


42 4 


4 4 
c= X AOR x, LX 4 % w’ if p=2 


S) 


(2-p)4xPT* + 3xP + 2(S2P) (1-x?TP)? 
a See ee ee 


2D ; 
W lag 99) 74 
; p(4-p*) 


(3.31) 


The above procedure is used for the self-inductance 
of all windings, by substituting appropriate parameters 
for x and w. 

Overall lengths for the damper and field winding 
are computed in the same fashion as for the armature. 
Bearing length is assumed to be damper length plus the 
length of the thermal distance pieces. The thermal 
distance piece length LTH, is an input constant. 

3.2.3 Effective Current Density 

As stated, the armature conductors are not aligned 
with the axis of the machine; therefore, the axial com- 
ponent of the current which produces the interaction is 
found by: 


Jan = J_ COS O (3.32) 


pil 








T 


where J, is the total current density in the helical 


path, and 6, is the helix angle: 





(3.33) 


If x, is computed according to eq.(3.20) and using 
total current density Ja: the internally based synchronous 


reactance will be found to be: 


K, = X, cose, (1 + ~) (3.34) 


where Ais given by eq.(3.22). 
The machine length ie is found by: 


{= (3.35) 


ic 
PS coséy (Er) 


where Po is found by eq.(3.18) and using total current 


density Ja: 
3.2.4 Transient and Subtransient Electrical Parameters 


Transient reactance for the machine can be found 
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by: 
, v2 
Xa = Xq F - of | (3.36) 


The equation for L, is the same as eq.(3.14) for L, with 
the substitution of y for x, Reo for Roo and Ore for 


a Substituting these values into eq.(3.36) yields: 


2 OPeate. 2 
1-4 a wa Bi NO 


Roa tor Cs(P™ Rao) Ss(P*¥*Reo/R_) 


(fo) 
Rao a) 





| Subtransient reactance is given by: 


2 2 
x."= x alt a.) Cn 
- ses : 
e e Ava Lor C (px w) G5 (Pr Ro /R_) 


R 2p 
(2) “(1-2P* A) 
= (3.38) 


The dynamic performance of superconducting machines is 
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a very important aspect of the overall machine design. 
This is brought about by a conflict between adequate 
rotor shielding, which requires a high rotor conductivity 
and a damping of rotor swings, which requires a lower 
conductivity. The damper time constant T and the 


armature time constant T. are given by: 


= z 
| Ts =i # Rig (Rico ii Rea) oy (1 Rei fk, Z (3.39) 





Ss) 
- 2, wae 2 2 
24, sin"(—9==) 9,4,R,, Cg (PX Roof Nga Kwa 
a 
roa 2 
| Tio eae ) 
i} | 
dy 
Xs (3.40) 


Tao” = Bg( >) (3.41) 


3.2.5 Field Current Rise 


An estimate must be made of transient field current 
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resulting after a fault or short circuit. The value 


calculated here, corresponding to maximum field current 





| during a critical swing, is used later to determine if 
the field current is within limits. 
Two assumptions are made to simplify the calculations: 
1. Field flux is constant over the period of 
the swing. 
2. There is no shielding of the field for 
this transient. 
Ee is voltage behind synchronous RGEEGO COE RIE 
ponding to the operating condition in which: 
Teo is field current 
| 6 is torque angle 
| Tey and 6, correspond to the fault condition 


The field current rise is: 


3 
ie ee gol Ae PS cosé |, amigos (3.42) 


The initial torque angle is found by: 


Z p(x, + x,) 
Q6 = sin 1 | aa (3.43) 
-_ O 


5) 











The values of Ero and We are found from the following 


expressions: 
Pee ny Ge) + eet. sin (3.44) 
fo t at att v 
2 2 2 ; 
ees yo (x,1,) - 2 xp1,V, siny (3.45) 


3.2.6 Torque Tube Thickness 

The inner member of the rotor is a heavy-walled 
cylinder called the torque tube. The primary requirement 
on the torque tube is that the stresses be kept below 
the yield stress of the material. This yield criterion 
is necessary in order to avoid any fatigue failures or 
changes in dimensions which could result in a mechanic- 
ally unbalanced rotor. 

The computer program attempts to estimate the 
thinnest torque tube that will take the worst-case 
fault torque duty. During a fault, the radial forces 
generated will force the torque tube into an out of 
round condition. All circumferentially dependent loads 
are averaged and treated as uniformly distributed forces. 


The max shear stress is given by: 


™ax” ‘s * (>) (3.46) 





The two components of stress are shear stress resulting 


from torque 


ore (3.47) 


and tensile centrifugal stress 


opie 2| R 2 + R é ate Sian Rus - 1+3y _2 
dc, = po bo bi poe r 
) 8 re 3+ 
(3.48) 
where r is the radius: 
Rig is inner radius of torque tube 
Rio is outer radius of torque tube 
p is mass density for torque tube 
| v is ‘Poisson's ratio for torque tube 
: 


| T is torque 

The computer program tests the maximum stress 

eq.(3.46) at the inner and outer radii of the torque 
tube. It compares the larger of the two stresses with 
the stress limits which are an input to the program. The 


program will accept torque tube stresses between: 


Pd 








| 


et aif T 


95 "14m ~ "max lim (3.49) 


If the maximum stress is not within these limits, the 
program computes a ae value of inner torque tube radius 
divided by the outer torque tube radius which is a ratio 
of torque tube thickness and then recomputes the maximum 
stress limits. 

If eq.(3.47) is not satisfied after 250 tries, the 
programm assumes a solid shaft and computes the maximum 
stress in this shaft. The maximum stress level on 
will later be used in a penalty function for torque tube 


stresses. 


3.2.7 Damper 





The damper is a thin conducting cylinder located 


at the outermost diameter of the rotor. The principal 


functions of this damper shield are to shield the super- 
conducting field winding from alternating magnetic 


fields and to damp the mechanical oscillation of the 


meeovor. In the event of a terminal fault, the damper 


has to withstand the strong crushing and torque loads. 


| These loads must be computed in order to insure adequate 


thickness of the damper. The force per unit area on the 


damper during a terminal fault is given by: 
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= Oo 2 2 
d, > 3 (Hoo ~ Hes ) e550) 
Sy = CHa - H,;)H, (3.51) 


In a magnetic field, where H,. is the radial component 
and the tangential components inside and outside the 
cylinder are Hos and Hay respectively. \8) 

The magnitude of the fundamental component of the 
tangential field at the damper due to the average rms 


armature current density Je 1s given by: 





Q R 2 
H, = 22 sini mae) RL. hs + Bea-3?) G82 | I, 


m1 


(3.52) 





_The tangential field at the angle ® outside the damper 


due to the armature current immediately after a fault is: 
8 
H at sin(—*) R,, Jn, |i-x+ 3(1-x ) (722 20)" 


as = | cos(wttg-0)- cos(g-0)|+ cos(wttg-0+3- y) 


(3.53) 
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The tangential field inside the damper due to the rated 
armature current, which is not affected by the fault, 


'is given by: 





Q Re 2 
H > aint —)R, J jaa + Had Gee 


6ao qT ao ar 
mi 


cos(wt + @ - 6 + 3S -~y) (3.54) 


The tangential field at the damper, due to the field 
current, which is constant before and immediatley after 


- the fault is: 





6 R 3 
Hop = = sin( 2 RSE) (1-y?) age 2" Jp 


cos(wt + S-9+ a) (3.55) 





‘The current in the damper is induced so that the radial 
component of the total field is kept constant before and 
|after the fault. Immediately after the fault, the field 


'due to this induced current is: 





R 
L-x + 3(1-x7) (22 
1+ (gS s" m2 





J 





V 
a =m | cos(wt + @ - 6) - cos(¢ - e)] (3.56) 
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Adding up these components, the total tangential 
field outside the damper immediatley after a fault is 


obtained. 

H, =H, +H, +H (3.57) 
The total tangential field for the inside is: 

Hos = Hor + Hoao (3.58) 
To obtain the maximum value of O,. it is assumed that the 
maximum 0, occurs when the traveling wave (sum of three 


terms which have et in eq.(3.57)) comes to the same phase 


as the standing wave (cos(%-6) terms in eq. (3.57). 8) 


d= d,, + d,, cos 29 - @ + y) (3.59) 
' where 
| rl 
| § = Yo (Re - E“ + D2) AE hE p* 
' "2 Ys 
y= Ztart 5 p 3.6) 
F* - EX + D 


61 








en, 


A= H,, siny+ 5 + Hy, cos 6 once) 
Le (eS 
mi 
: B= H,, cosy + H, sin 6 (9109) 
2H 
C= SS (3.64) 
ee (2) 
Ri 
3) eas Pa cos(tan + z +y)- Hpsin(tan™~ oe 6) 
| (3.65) 
E = ast sin(tan7_ - +a) - Hcos(tan™™ é - 6) 
(3.66) 
p= -Ja2+ 2% 6 (3.67) 
m= 28 (cosa - 4) (3.68) 


For concentrated radial force as shown in Fig. 3.3, 
the radial displacement u and the bending moment M are 


| given by: 


i qu ne 
qo a oe (3.69) 


where M is found from eq.(3.68). For the bending stresses: 


re 
NIS 


2 4 (cosa - £) (orc) 
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: | Concentrated Radial Force 
On The Damper 





Figure 3.3 


cos 2(B-a) 





Distributed Radial Force 
On The Damper 


Figure 3.4 
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The deflection is then solved: 


3 3 3 
u= ix - Fey a sine - COS a (3.71) 


For the distributed load as shown in Fig. 3.4, the 
deflection at anglea is: 
i 
Ino 


b R 
u(a) = 2a cos 2a (3.72) 
By 


where t is the thickness of the damper. 


The bending stress in Fig. 3.4 is then given by: 


2 
20,9 R 


- cos 2a Ore 7.3) 





Adding the deflection and the stress due to the centri- 
fugal force and the uniform magnetic force to eqs.(3.72) 


and(3.73) the total deflection and stress are obtained. 


2 
Gee Re: 2G ek 
_ rel r2 ae, pe 
ee et 42 cos 24 + pe” R (3.74) 
2 uF 
Gea ig, R 3.2 
1 r2 PR“ 
“total ae 4 jee  E (3-75) 
t 3E, 
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Using ec.(3.74), the thickness t of the damper can 


be calculated such that the maximum allowable stress and 







deflection will not be exceeded during a terminal fault. 
“3.2.8 Negative Sequence Losses 

Negative sequence currents in the stator produce a 
magnetic field distribution which rotates ina sense 
opposite that of the rotor. Since the damper is a good 


shield, it excludes this magnetic field from the rotor 


' and must match this field at its surface. The magnetic 


field at the surface of the rotor is given by: 


8 
Ly sin(—}*) lies he p(2tp) Rio 
‘) Jats = ape DK) 
ae ( Ko) iy Ss 
R 
: (370) 


~The current density in the damper is: 


5 = He 
k ty 


| The negative sequence lcss in the damper is then given 


2 2 2 
Je 0 R,. (1-2*) 
a .< wke ko 
Poh > G,, 1, P Le Noi (3.77) 
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where 


(3.78) 


3.2.9 Armature Losses 


Conduction losses in the armature are calculated by: 


2 
J 
a a 2 2 
Po — oh ers Nya Roo (1-x ) a (3.80) 





3.2.10 Field at Shield Radius 
This is the radial magnetic flux density at the 


inner radius, Ro of the stator core: 





hn J, sin( “ute) 
Pilon y= wena ey (1-yP**) siete), 


The core outer radius is then found by using the 


magnetic flux density and the inner radius: 
(3.82) 


3.2.11 Field at an Inner Corner of Field Winding 
The highest field intensity is assumed to occur at 


the inner radius of the field winding, and at positions 
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adjacent to pole faces. The radial and azimuthal fields 


are calculated by: 





H.. = y H, sinlS ro) (3.83) 

H, = ae TINS Ones) (3.84) 
where 

ie a a Res ynpré Cm(MP YR eo fp? (3.85) 


The maximum field intensity is then: 


max x Q (3.86) 


3.2.12 Rotor Critical Speed 


The rotor is assumed to be a beam of constant stiff- 


_ness and mass, simply supported at both ends for the 


it 
I! 


purpose of estimating rotor first-critical speed. The 


first critical frequency is then: 
v= 9.875 |= — (3.87) 
i. M 


Q is bearing length 
M is mass per unit length 
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It is further assumed that the only stiffness is 


provided by the torque tube: 


4 Hy 


Se) (3.88) 


tS Ga 

The mass per unit length includes the entire rotor 
which consist of the torque tube, field windings, hoop 
binding material for field winding, shield and damper. 
The length is assumed tc be the bearing length ee 
3.2.13 Stator Core Losses 

It has been assumed that all of the core is operat- 
ing at roughly a uniform flux density, and hence a uni- 


form loss density. 


aeore = Ml ere Pa (3.89) 
where: 

Moore is the total core mass 

Pa is dissipation per unit mass 


Core dissipation per unit mass is estimated to be a 


Simple power function of flux density: 





B 
a) (3.90) 
Smax 


B is computed in eq.(3.81) 
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| ata is core flux limit 

P., is dissipation per unit mass when the 
core is operating at its limiting 
flux density 

Y reflects the rate of change of loss 


with flux density 
All the above, except for ia » are input variables. 
3.2.14 Cost Function 
The non-penalized cost is the cost of the machine 
in weight. The weight includes the support tube, damper, 
armature windings, field winding, iron in the core and 


binding material. A weight loss in KG/watt is also found. 


3.2.15 Penalty Functions 


The cost of the machine, such as weight, current 


4 


losses or stresses is modified by multiplying by a set 


of penalty functions. These are of the form: 


F = 95 sr -1(Q/Q,¢ yi5 (3.91) 
where: 

Q is quantity being penalized 

Q, is the maximum limit for that quantity 


This quantity is close to 1 for values of Q less than 
Qy , but becomes very large for values of Q greater than 


Q)- 
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The fiejid-current-limit penalty function is slightly 
different. The extremes of magnetic field and current 
density in the field winding are H,_, eq. (3.86) and Jel py 
eq.(3.42). This combination must be compared to the 
H-J curve. The magnetic field-current density curve 
is approximated by a six-segment piece-wise-linear curve 
as shown in Fig. 3.5. The data representing this curve 
is input at two five-element vectors, one representing 
the values of H, and the other representing the vlues 


mt J. 


H-J CURVE 





Jy Jo Js Jy 6 J 


_Figure 3.5 


If oo is greater than H); the field-current-limit 


penalty function is set to a very large number. If ae 
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falls between the values of Hy and He, the computer 
program does a direct linear interpolation to find the 
critical current density J. If H ax is less than A. ; 
the critical current density is set to Je 

The final penalized cost function CF, is the product 
of the cost and all of the penalty functions. This is 
the value returned by CF to the optimization main program. 
The value of CF is used as a figure of merit for each 
different machine iteration. The machine selected by the 


program is the one with the lowest value of CF. 
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CHAPTER 4 


superconducting Propulsion Plant 


4.1 Introduction 


Chater 1 has covered the basic machinery configuration 
of the electric propulsion system. The actual design 
of the superconducting machine is described in Chapter 3. 
The “optimized” electric machines and the associated sub- 
systems necessary to complete the entire propulsion 
system will be discussed here. 

The output of the optimization program is an “optimum 
machine” only for one particular set of assumptions as to 
machine design requirements and costs. The fixed inputs 
common to both the generator and the motor are given in 
Appendix F. The initial guess for the search variables 
or optimization variables are shown in Appendix D. The 


combination of these inputs yield the optimized generator 











design and motor design described in Sections 4.2 and 4.3 
of this chapter. The requirements of the machines described 
in sections 4.2 and 4.3 are then used to determine the 
characteristics of the remaining subsystems in Section 
44, 
4.2 Superconducting Generator 

The first step of theelectric propulsion system 


design process was the design of a 20,000 HP 3,600 RPM 
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synchronous generator driven by 20,000 HP gas turbines. 
A summary of the results are shown in Table 4.1. The 
detailed computer output results are contained in 
Appendix B. 

All of the machine dimensions, machine volume and 
the weight of active parts are computed by the computer 
program. A steel outer shell for machine structure 
support was included as additional weight and volume, 
resulting in the total machine volume and weight. (The 
computer program did not compute the outer shell character- 
istics. Provisions can be made at a later date to include 
this in the program.) The steel outer shell was assumed 
to be one-half inch thick (.0127 M) plus the structural 
supports required to mount the machine to a foundation. 
The end bells were assumed to be 3/4 inch thick steel 
and the same diameter as the outer diameter of the newly 
added steel shell. 

Using these new dimensions, the new volume is calculated 
to be 1.1 Mm? and the new total weight is 4309.2 KG. The 
weight of 4309.2 KG also takes into account the weight 
of the generator feet and steel supports necessary to 
mount the machine to its foundation. 

4.3 Superconducting Motor 
The next output of the optimization design procedure 


was a 40,000 horsepower, 200 RPM synchronous motor. A 


(ie. 








A SUMMARY OF RESULTS 
FOR 
A 20,000 HP GENERATOR 


Table 4.1 

Mechanical Rating 20,107 HP 

Electrical Rating 15 MVA 

Mechanical Speed 3.600 RPM 

Number of Poles 2 

Active Length .69 M 27.2 IN 

Overall Length -eoe. M 59.9 IN 

Field Winding Inside Diameter ~19 M 7.7 IN 

Outside Diameter 25 M 9.8 IN 

Armature Winding Inside Diameter 43 M 16.9 IN 
Outside Diameter .62 M 24.4 IN 
Iron Shield Inside Diameter .67 M 26.4 IN 

Outside Diameter .92 M 36.2 IN 

Machine Volume 1.01 Ww 35.7 FP 
| Weight of Active Parts 3,175.4 KG 5 Elid is 
| Total Machine Volume 1.1 Ww? 38.8 FT? 
. Shell,EndBells,Bearings & 
| Structural Support 1,133.8 KG OL 
Total Weight of Machine 4,309.2 KG 4.oT 

~“ynchronous Reactance 1.38 

Transient Reactance ies 

subtransient Reactance 1.20 
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summary of the results for the 40,000 HP motor are shown 
in Table 4.2. The detailed computer output for the motor 
is contained in Appendix G. 

The dimensions of the active machine parts are 
computed by the optimization program, while the weight 
and volume of the steel structural shell and the weight 
of the motor feet were added to the computer output to 
produce the total machine weight and volume. For the 

motor, the steel outer shell was assumed to be 3/4 inches 
thick and the end bells 1 inch thick. The structural 
support of the motor is heavier than that for the generators 
because the motor must support the high torque loads 
associated with the propeller providing thrust to move 

the ship through the water. 


The summary of results for the 30,000 HP motor are 












shown in Table 4.3. The 30,000 HP motor was designed 
when it became necessary to reduce the size of the ship's 
_ propulsion plant from 80,000 shaft horsepower to 60,000 

' shaft horsepower. Chapter 5 Sections 5.3.1 and 5.3.2 

| explain why the installed shaft horsepower was reduced. 
“The total machine weight and volume were computed in the 
same manner as that for the 40,000 HP motor. The computer 
output for the 30,000 HP motor is contained in Appendix D. 


4.4 Subsystems of Superconducting Machinery 


Cryogenic refrigeration systems are necessary to 
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A SUMMARY OF RESULTS 
FOR 
: A 40,000 HP MOTOR 


| Table 4.2 
Mechanical Rating 40,214 HP 
| Electrical Rating 30 MVA 
Mechanical Speed 200 RPM 
Number of Poles 6 
Active length 1.51 M 59.4 IN 
Overall Length 2095 0 92.4 IN 
Field Winding Inside Diameter 86 M 34.0 IN 
Outside Diameter 93 M 36.4 IN 
Armature Winding Inside Diameter nes aka 43.7 IN 
; Outside Diameter 1.46 M 57.4 IN 
Iron Shield Inside Diameter 1.52 M 59.9 IN 
Outside Diameter 1.73 M 68.2 IN 
Machine Volume 5.52 M =:195.3 FP 
| Weight of Active Parts - 13,394.13 KG 13.27 
_ Total Machine Volume 6.01 M? 212.8 FT? 


' Shell,EndBells,Bearings & 
Structural Support 1948.17 KG Ne 


Total Weight of Machine 15,342.3 KG 1. T 
»~ynchronous Reactance i Oi. 
Transient Reactance 407 


mubtransient Reactance ~— 86 
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A SUMMARY OF RE 


FOR 
A 


Table 4,3 


Mechanical Rating 
Electrical Rating 
Mechanical Speed 
Number of Poles 
Active Length 
Overall Length 
Field Winding Inside Diameter 
Outside Diameter 
Armature Winding Inside Diameter 
Outside Diameter 
Iron Shield Inside Diameter 
Outside Diameter 
_ Machine Volume 
Weight of Active Parts 


| Total Machine Volume 


| Shell,EndBells,Bearings & 
structural Support 


Total Weight of Machine 
synchronous Reactance 
Transient Reactance 


subtransient Reactance 
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SULTS 


0,000 HP MOTOR 


30,161 HP 

23 MVA 

200 

6 

1.19 M 46.85 IN 

2.01 M 79.1 IN 

79 M 30.94 IN 
86 M 33.86 IN 

1.05 M 41.15 IN 

1.40 M 55.1 IN 

1.46 M 57.56 IN 

1.67 M 65.71 IN 

4.68 MP 90 -165.6 FP 
10,577.7 KG 10.4 @ 

4.68 M2 =: 165.6 FT 
1,689.2 KG 1.67 
12,266.9 KG 12 T 

98 

.87 

86 











provide the helium for super-cooling the previously 
designed motors and generators. A diagram of a sample 
refrigerator/liquefier system is shown in Figure 4.1. 
The liquefier produces liquid helium which is stored in 
the liquid accumulator. The liquid helium is piped 
directly from the liquid accumulator to the superconducting 
field winding where it provides the necessary cooling by 
expanding back into a vapor. The returning helium vapor 
from the field winding passes through a precooler in the 
Liquefier, increasing the overall cycle effeciency. At 
present, most of the high capacity helium refrigeration 
units in use have been constructed for fixed installations, 
where weight and size are of secondary importance. The 
fixed installation type of compressors are a low-speed 
reciprocating compressor of iba CONGaneion. They 
generally require massive foundations because of the 
reciprocating loads. Machinery of this size is totally 
unacceptable for shipboard use, where weight and size are 
at a premiun. 

The rotary compressor is a new entry to the field 
of helium refrigeration systems which will overcome the 
disadvantages of the reciprocating compressors. At 
present, there is not a great deal of information concern- 
ing high capacity rotary units. Experiments at MIT and 


elsewhere ‘1) have produced similar results as to the size, 


78 





GAS 
STORAGE 


— SSOR 


STATION TEMP °K 3 


PRECOOLER 






LIQUEFIER 


WINDINGS 


4 3 LIQUID 
ACCUMULATOR 


AwnN — 
#2) 
©) 


HELIUM LIQUEFTER/REFRIGERATOR DIAGRAM 





Figure 4,1 


(ey 





weight and operating characteristics of the rotary conm- 
pressor necessary to supply the cooling requirements of 
the motors and generators designed in this thesis. 

The cooling requirement for the superconducting 
machines is an input to the program. This input, RP, is 
a penalty function for cryogenic refrigeration based on 
specific power consuption (watts input per watt at 4.2° K). 
Based on experience at MIT, the value of RP is assumed to 
be 1000. Using this value for specific power consumption 
of watts/watt cooling capacity, the required capacity in 


watts for the heliumrefrigerator can be determined. ‘1? 


Capacity Weight Volume 
10 watts 2000 1b. 100 ft? 


A refrigeration unit of the above dimensions would 
be used to supply the cooling requirements for one super- 
conducting machine. Four generators and two motors would 
then require the use of six refrigerators of 10 watt 
capacity. Cross-connect capabilities could also be 
included as a backup for each system. If the liquefier/ 
refrigerator system for one of the superconducting machines 
should suffer a breakdown, the appropriate cross-connects 
could be made and the unit in question would be cooled 


by liquid helium from another machine's liquefier/refrigera- 


tor. 
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4.4.1 Cable System 

Marine cable systems used for connecting main 
generators to the main propulsion motors are sized for the 
allowable losses caused by joule effects. Cable weight 
can be a significant component in electrical propulsion 
systems. The cable weight depends on the voltage, current 
and allowable resistance per length. The advantage of 
ac propulsion systems over dc propulsion systems is that 
significantly higher voltages can be used. Higher voltage 
systems require a lighter cable, which is important in 
systems requiring minimum weight and volume propulsion 
machinery. 

Cables for ac propulsion systems have been studied 
to show the relationship between weights and losses. 
These studies indicate that a light-weight cable system 
is possible with air-cooled cables, ‘2? see Table 4.4. 

The results in Table 4.4 are based on an allowable voltage 


| 
drop of 9.8 V/100 ft. The area shown in Table 4.4 is 


| 
p ° 
| the total copper cross-section area necessary to carry 


the 3-phase current at the given voltage. A 6900 volt 
system was used to produce the lightest weight cabling 
system. At 6900 volts, the maximum current will be 

1,260 amps and the maximum transmission loss will be 28 KW 


per 100 ft., resulting ina .l percent power loss. 
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Table 4.4 


Voltage Current Area Weight Loss 
4160 V,, 24100 A 1.56 in®  61d/ft 45 KW/100 ft 
6900 V,, 1.260 A 1.04 in® 4 1bd/ft 28 KW/100 ft 


For a 3-phase ac system, three conductors of the 
combined size and weight given above must be used to 
transmit power from the generators to the motors. This 
works out for a single conductor to be .384 inches in 
diameter and 1.33 lbs/ft. The weight of the conductor 
is further increased by about 40 percent with the addition 
of armor, lead shield and insulation. Each conductor 
is also surrounded by a 4 inch conduit which provides 
forced-air cooling and an added margin of insulation. 
If this conduit were constructed out of aluminum, it 
would weigh approximately .62 1b/ft for each conductor. 
Adding all of the weight together results in a total 
weight for the three conductors of 7.46 1b/ft. 


4.4.2 Switch Gear and Control Units 


There is very little information on full scale 
switch gear such as would be used on shipboard with 
superconducting electric machinery. Most of the techno- 
logical work performed to date has been on laboratory 


Size machinery, the results of which can be used to 
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predict the size and weight of the full scale machinery. 
The product of one such study by Rains! 19) indicates 
that the switch gear will weigh approximately 2.9 tons 
and occupy approximately 600 ft. The switch gear and 
control units consist of the actual switching mechanism 
which controls the direction of the motor and an electric 
converter which controls the speed of the motor. The 
electronic converter will most likely be of the cyclo- 
converter type. A cycloconverter is a solid state device 
that converts three-phase fixed frequency power to three- 
phase variable frequency power. The frequency of the 
output power from the cycloconverter directly controls 
the speed of the motor. A cycloconverter of sufficient 

_ power rating to accomodate a 40,000 HP motor will weigh 

approximately 3.9 tons and require 200 ft. Two cyclo- 
converters and the switch gear will occupy 1000 ft? and 

weigh approximately 10.7 tons. This study also indicates 


_ that there will be 19.2 tons of miscellaneous equipment 





| which will be added to cover items omitted from this thesis. 
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CHAPTER 5 


COMPARISON OF ELECTRIC DRIVE WITH 
MECHANICAL DRIVE FOR SHIP PROPULSION 


5.1 Introduction 

The size and weight of the machinery components 
required to convert the propulsion plant to electric 
machinery were calculated in Chapter Four. In this 
chapter, these components will be combined with the re- 
mainder of the propulsion machinery to predict the result- 
ant size and weight of the new electric propulsion systen. 
The new system will be compared to the old mechanical 
drive system to measure the overall savings produced by 
the superconducting electric propulsion system. The 
comparison will be made for two different baseline ships 
as described in Chapter One. The first being the Model 
Baseline and the second the DD963 Baseline. 

The Model Baseline is the DD963 as synthesized on 
the ship synthesis mode‘ 14) without the excess volume 
present in the current DD963 design. The DD963 Baseline 
is the DD963 as synthesized with all of the excess volume 
included in the design. A brief description of the Ship 
Synthesis Model for Naval Surface Ships $l) along with 
a sample input and program output is shown in Appendix H. 


Table 5.1 contains the computer synthesized characteristics 
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Table 5.1 
CHARACTERISTICS OF MODEL BASELINE 


AND DD963 BASELINE 


MODEL DD963 
CHARACTERISTIC BASELINE BASELINE 
Max. Sustained Speed, knots 33.9 32.9 
Sustained Speed SHP, horsepower 80,000 80,000 
Endurance Speed, knots 20 20 
Endurance Speed SHP,horsepower 10,548 11,483 
Length between perpendiculars,ft.(LBP) 529 529 
Beam, ft. (B) 54.6 55.8 
Draft, ft. (T) 16.8 neers: 
Cy 59 59 
C, 83 83 
VCG Full Load, ft. 21.96 22.02 
GM/B .10 . 
Average Depth, ft. 40.03 40.67 
Accomodations 298 298 
KW Installed 6000 6000 
Full Load Displacement, tons(4) 6906 7885 
Light Ship Displacement, tons 4936.7 5827 
Variable Loads Weight,tons 1868.8 1959 
WTGP1, tons 2465.2 3137.1 
WTGP2, tons 789.2 789.2 
WIGP3, tons 282.7 296.8 
WTGP4H, tons 207.4 250.3 
_WIGP5, tons 569.1 739.8 
WIGP6, tons 499.8 Lok .3 
WIGP7, tons 159.2 159.2 
Weight Margin, tons 100 100 
Total Internal Volume, cu.ft. (v,) 945,470 1,013,880 
» Hull Volume,cu.ft.(V)) 761,020 772,581 
| Superstructure Volume,cu.ft.(v..) 184,449 241,298 
Full Load Ship Density, lbs/cu.ft. 16.36 17.42 
Military Mission Volume,cu.ft. 110,753 159,298 
Personnel Volume,cu.ft. 251,990 251,990 
Ship Ops Volume,cu.ft. 582,728 602,592 
Payload Volume Fraction (VOL PAY/v ) 212 216 
Personnel Volume Fraction(VOL PERS/ v) .27 25 
Ships Ops Volume Fraction(VOL OPS/Vv) .62 »59 
Payload Weight Fraction (W PAY/4 ) .05 05 
Personnel Weight Fraction (W PERS/4) .04 03 
Ship Ops Weight Fraction (W OPS/4 ) 49 AL 
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for each of these two ships. 

In Table 5.1, Weight Groups 2 and 7 (WTGP2 and WTGP7) 
are the same for both ships, because the same propulsion 
plant (WTGP2) in type and horsepower and the same armament 
(WIGP7) was specified for both ships. The volume (172,736 
cu.ft.) and weight (789.2 tons) for WTGP2 will be used 
as a baseline for estimating the new volume and weight of 
WTGP2 with superconducting electric machinery. WTGP2 is 
only one of several groups that comprise the entire Machinery 
System. The remaining groups must also be examined for 
changes resuluiting from a conversion to an electric 
propulsion plant. See Appendix I for a complete listing 
of the contents of each weight group. 

The Machinery System is composed of the following: 

Machinery Box 
Uptakes 
Shafting, Bearings and Propellers 
Maneuvering 
Ventilation 
The Machinery Box can be further broken down into the 
following groups: 
WEIGHT GROUP 2-PROPULSION 


Propulsion Units 
Combustion Air Supply 
Propulsion Control Equipment 
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WEIGHT GROUP 2-PROPULSION (cont'd) 


Fuel Oil Service Systems 

Lubricating 0il System 

Propulsion Operating Fluids 
WEIGHT GROUP 3-ELECTRIC PLANT 


Electric Power Generation 
Power Distribution Switchboards 
Electric Power Generator Fluids 


WEIGHT GROUP 5-AUXILIARY SYSTEMS 


Air-Conditioning Systems 
Refrigerating Spaces, Plant & Equipment 


Aviation Fuel & Lube 0il System, Sewage System 
Compressed Air System 


Auxiliary Steam, Exhaust Steam & Steam Drains 
Distilling Plant 


Auxiliary System Operating Fluids 
WEIGHT GROUP 6-OUTFIT AND FURNISHINGS 


Ladders & Gratings 


Weight Groups 3,5 and 6 will not be directly affected by 
| the metroduction of an electric propulsion system as none 
| of the machinery components for these groups will be 
physically changed or replaced. The any changes will 
come from secondary effects as a result of the physical 
dimensions of the ship being modified to accomodate a 
smaller and lighter weight propulsion systen. 


The uptakes will change is weight and volume only if 
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the number or size of propulsion unit gas turbines are 
changed, or if electric propulsion allows a major rearrange- 
ment of the machinery spaces. The electric plant gas 
turbine’s requirements are also considered when sizing 

the uptakes. 

The propellers, shafting and bearings will be 
directly affected by the modification to the electric 
propulsion. The Controllable-Reversable Pitch (CRP) 
propeller will be replaced by a lighter fixed pitch pro- 
peller. Shafting and bearings will be greatly reduced, 
as the electric motors will be coupled to the propellers 
through significantly shorter shafts. The majority of 
the weight for shafting and propellers and all of the 
volume for separate shaft alleys will be eliminated. 

Maneuvering is comprised of steering systems and 
rudders which will not change for either ship when modi- 
fied to electric propulsion. Maneuvering is a function 


of ship size and will vary only slightly as ship volume 


and displacement are changed when the propulsion system 





| is modified. 
| Table 5.2 shows the volume and weight breakdown for 
the meenonery system. All major changes in the volume 

and weight of the machinery system will come from changes 


in the machinery box, uptakes, shafting, bearings and 


propellers. The majority of the weight and volume changes 
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Table 5.2 


VOLUME AND WEIGHT OF MACHINERY SYSTEM 
FOR MODEL BASELINE AND DD963 BASELINE 


MODEL 
CHARACTERISTIC . BASELINE 
Machinery System Volume, cu.ft. 293,597 
Machinery Box Volume, cu.ft. 195,955 
Uptakes Volume, cu.ft. 49,150 
Shafting,Bearings & Propellers,cu.ft. 3,848 
Maneuvering Volume,cu.ft. 6,996 
Ventilation Volume,cu.ft. 37,648 
VOL MACH SYS/v sul 
VOL MACH BOX/V 2 
VOL UPTAKES/ V 705 
VOL Shafting, Bearings&Propellers/ vy 004 
VOL Maneuvering/v 007 
VOL Ventilation/v 036 
Machinery System Weight, tons 259s 
Machinery Box Weight, tons TECee 
Uptakes Weight, tons 13045 
Shafting, Bearing&Propellers Weight, tons253.1 
Maneuvering Weight, tons Sa 7 
Ventilation Weight, tons Vae6 
Weight Mach Sys/DISPLACEMENT 216 
Weight Mach Box/DISPLACEMENT ~090 
Weight Uptakes/ DISPLACEMENT »017 
Weight Shafting, Bearings&Propellers/ 
: DISPLACEMENT 033 
Weight Maneuvering/DISPLACEVENT onli 
| Weight Ventilation/DISPLACEMENT »009 
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DD963 


BASELINE 


292,801 
195,955 
49,150 
3,848 
6,996 
36,852 


-010 
~009 








in the machinery box will result from WIGP2 variations. 

5.2 Conversion to an Electric Propulsion Machinery System 
The results of Chapter 4 are used to size the machinery 

system by modifying the propulsion system with superconduct- 

ing electric machines. The new weight and volume of the 

machinery system were used as input to the ship synthesis 


(14) 


model to determine the impact on the overall ship 


system. The preliminary output: from the synthesis pro- 
cess indicated that a baseline ship with four gas turbines 
converted directly to electric drive would not meet the 
no~change-in-payload, sustained speed or endurance range 
requirements as set forth in Chapter 1. 

When the volume for the propulsion system went down, 
the volume for the payload went up because the size of 
the ship remained constant. Extra volume for the payload 
is unuseable when a ship is weight limited. More payload 
in the form of extra weight cannot really be added to take 
advantage of this extra volume. If this volume were to 
remain in the ship, it would only serve to make the pre- 
sent configuration of the ship space inefficient and waste- 
ful. 

The sustained speed could be met within the tolerances 
of the ship synthesis model itself. The top speed of the 
modified ships varied by less than 2%. A 2% change can 


be considered to essentially meet the no-increase in top 


90 








speed criteria. 


By far, the largest deviation from the baseline 
characteristics was in the endurance range, which increased 
up to 25%. (Section 4.3 contains the calculations for the 
endurance range.) A range increase of this amount was 
unsatisfactory when compared to the inital criteria of 
no-range change allowed in the modified ship. To keep 
the range the same, over 200 tons of fuel can be removed. 
fo meet the no-change in mission performance restrictions 
on the modified ship, a smaller three-engined ship with 
less horsepower was then investigated to determine if it 
could take advantage of this fuel weight savings. 

The results from Chapter 4 are summed up in Table 5.3 
for the four-gas turbine, four-generator, two-motor 
propulsion system and the three-gas turbine, three-generator, 
two-motor prevulsion system. The four-engined propulsion 
system at 504.1 tons is 36% lighter than the baseline 
propulsion system of 789.2 tons. A 49% weight savings 
is realized by the 401.2 ton three-engined propulsion 
system. The volume occupied by Group 2 propulsion 
machinery is not given in any references. Reference 10 
does contain machinery room arrangement plans without 
specific dimensions being listed. The specific dimensions 
of the gas turbines are listed and could be used as a 


reference for measuring the dimensions of the machinery 
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Table 5.3 


WIGP2 WEIGHTS FOR BASELINE SHIP, 
FOUR-ENGINED AND THREE-ENGINED ELECTRIC 
PROPULSION SYSTEMS 


CHARACTERISTIC 


Gas Turbines 
Generators 

Motors 

Cryogenic System 
Foundations 

PROPULSION UNITS, TONS 


Shafting & Bearings 
Propellers 
Cabling (400 ft.) 


LL-ENG 6 


BASELINE SHIP 


244.14 


SHAFTING, BEARINGS&PROPELLERS, TONS 253.1 


WIGP2 VOLUME REDUCTION % 
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Combustion Air System, tons wien 5 
Uptakes, tons 130.5 
Switch Gear 
PROPULSION CONTROL, TCNS 10.97 
Fuel 011 Service System, tons 10.1 
_Lube 011 System, tons 1.2 
Repair Parts, tons 8. 
Operating Fluids, tons 42.2 
Equipment( miscellaneous) 
| TOTAL WTGP2 789.2 
WTGP2 VOLUME CU. Ff. 172,736 


2235 


93 


145.11 109.7 











spaces and the equipments contained within them. 

By this method of measure, Group 2 volume was 
determined to be 172,736 cu.ft. The volume of the mechani- 
cal drive machinery removed, such as reduction gears, was 
subtracted from this value. The volume required for the 
superconducting electrical drive machinery was added to 
obtain the values of 143,946 cu.ft. and 115,157 cu.ft. 
for the four-engined and three-engined ships respectively, 
resulting in a propulsion plant space reduction of 1% 
for the four-engined ship and 33% for the three-engined 
ship. More space could be saved by a complete rearrange- 
ment of the machinery in each engine room, as the location 
of the propulsion gas turbines is no longer limited to 
one specific location by the restrictions of the reduction 
gear and propeller shaft. The result of a simple substi- 
tution of the superconducting electric generators for the 
reduction gears and shafting is shown in Figs. 5.1 and 
5.2. The shortening of each engineroom by 8 feet, as 
shown in the machinery arrangement drawings, plus the 
addition of the two electric motor rooms(12x8x10 ft.) 
produces the 16 space reduction given in Table 5.3. 

The value of 115,157 cu.ft. for the three-engined ship 
was obtained in the same manner. A sample machinery 
Space arrangement for the DD963 baseline and the DD963 


electric drive ships is shown in Fig. 5.3. 
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DD963 BASELINE 


Machinery Space Volume occupies 30% of total 
enclosed volume. 


SS - Machinery and Uptakes 


Lesseseg - Fuel Storage 
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ELECTRIC MOTORS DD963 SUPERCONDUCT 
ELECTRIC MACHINER 


< eH 


Machinery Space Volume occupies 2 5 of total 
enclosed volume. 


MACHINERY SPACE ARRANGEMENTS FOR BASELINE SHIP 
AND ONE OF THE POSSIBLE ARRANGEMENTS FOR A SHIP 
MODIFIED TO ELECTRIC PROPULSION 


Figure 5. 
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5.3 Comparison of Baseline and Modified Ships 

Machinery System weights and volumes derived in 
Section 5.2 for the electric propulsion system were used 
ae input into the ship synthesis model. The calculated 
modified ship characteristics were compared to the base- 
line characteristics. The characteristics of the Model 
Baseline, Model Electric propulsion with four-engines 
and the Model Electric propulsion with three-engines are 
given in Table 5.4, with the same characteristics for 
the DD963 in Table 5.6. Tables 5.5 and 5.7 contain the 
weight and volume breakdown for the Model and DD963 ships 
based on a functional grouping of ship functions. 
5.3.1 Analysis of Model Ships 

When the baseline and the four-engine electric 
drive are compared, there are three major points of 
variance: the range, WTGP2, and the weight of WTGP2 in 
pounds divided by the shaft horsepower. The large differ- 
ence in range can be attributed to the manner in which the 
two different plants are operated. For cruising at the 
endurance speed of 20 knots, the mechanical drive ship 
is required to operate two gas turbines, one for each 
shaft. The endurance shaft horsepower is 10,548 HP which 
ae out to approximately 5300 HP per gas turbine. Fig.2.3 
in Chapter 2 indicates that the specific fuel consumption 


(SFC) of two engines, each operating at 5300 HP, is 
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Table 5.4 


CHARACTERISTICS OF MODEL BASELINE AND MODEL ELECTRIC 
PROPULSION SYSTEM SHIPS 








MODEL MODEL ELECTRIC MODEL ELECTRIC 
BASELINE 4 ENGINES 3 ENGINES 

LBF 529 529 501.3 
B 54.6 54.6 53.7 
i 16.8 16.8 Iga 
SHP INSTALLED 80000 80000 60000 
SHF END 10548 10332 9491 
Ven 33.9 34.3 33.4 
Bond 200 20.0 20.0 
Range 6000 7874.3 6000 
Displacement 6906 6657.4 5938.3 
WTGP1 2465.2 2465.2 2181.8 
WTGP2 789.2 504.1 ho1l.2 
WIGP3 282.7 282.7 265.2 
WTC P4 207.4 207.4 207.4 
WTGP5 569.1 569.1 561.3 
WTGP6 499.8 499.8 480.8 
WIGP7 159.2 159.2 159.2 
Loads 1869.8 1869.8 17 7in2 
Wl Margin 100.0 100.0 OOO 
vY Total 945470 945470 8698 32 
WT PAY/a 205 205 064 
WT A O4 O4 04 
WI OPS/a 49 an ALS 
VOL PAY/vV 212 215 213 

_ VOL SA 27 27 - 30 

' VOL OPS/v¥ 62 59 58 

| WTGP2/SHP 22 14.1 15:26 

| VOL MACH BOX/SHP 2.45 LAE 2.49 

_ VOL HAB/MAN 724 724 724 

| SHP/a 11.58 12.0 10.1 
VOL MACH SYS/V 231 . 28 26 
WIGP2/a sia .076 068 
VOL MACH BOX 195955 172675 149253 
VOL UPTAKES 49150 48789 34973 
VCL SHAFT.&BEAR. 3848 0 0 
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Table 5.5 
FUNCTIONAL GROUP WEIGHTS AND VOLUMES OF MODEL 


— a ee eee ee ee 


BASELINE AND ELECTRIC PROPULSION SYSTEM 





se) 


MODEL MODEL ELECTRIC MODEL ELETRIC 
BASELINE 4, ENGINES 3 ENGINES 
Vol. Hull 761020 761020 683734 
Vol. Superstructure 184449 184449 168802 
Vol. Total 945470 945470 852536 
VOLUME 
Military Mission nO 53 139038 110753 
Personnel 251990 251990 251990 
Control 56758 56758 52975 
Mach. Sys. 293597 265312 eel313 
Deck Aux. 5194 5194 4662 
Maintenance 18614 18614 17727 
Stowage 697 36 69736 58918 
Tankage 21225 21225 19466 
Pass & Access 117605 117605 114732 
WEIGHT 
Military Mission 379.8 379.8 379.8 
Personnel 247 .8 247.8 247 .8 
Control 615.3 Sills 3 76a. 
Mach. Sys. 1205.7 930.6 818.5 
Deck Aux. 97-9 97.9 97-9 
Maintenance 101.9 101.9 1OO~ 
 Stowage 1732.4 1732.4 1277.4 
_ Pass & Access 14.9 14.9 14.2 
- Hull Group 2502.3 2502.3 2181.8 
Ship Sys. 551.4 551.4 529.3 





— 
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Table 5.6 


CHARACTERISTICS OF DD963 BASELINE AND DD963 ELECTRIC 
PROPULSION SYSTEM SHIPS 


LBP 

B 

T 

SHP INSTALLED 
SHP ENDURANCE 


Sus 


Voend 

Range 
Displaement 
WTGP1 

WTGP2 

WTGP3 
WTGP4 
WTIGP5 
WTGP6 
WTGP7 

Loads 

Wt. Margin 
V Total 

WE PAY/A 

WT PERS/A 
WT OPS/A 
VOL PAY/V 
VOL PERS/vV 
VOL OPS/v 
WTGP2/SHP 
VOL MACH BOX/SHP 
VOL HAB/MAN 


| SHP/A 
| VOL MACH SYS/v 


WTGP2/, 


VOL MACH BOX 
VOL UPTAKES 
VOL SHAFT & BEARINGS 


DD963 


BASELINE 


529 
55.8 
18 .8 
80000 
11483 
32.9 
20 


6000 
7885.0 


195955 
49150 
3848 


100 


DD963 ELECTRIC 


4) ENGINES 


529 
55-8 
18.8 
80000 
11237 
33.2 


20 


7848 .1 
7568 .4 
3105.6 
504.1 
296.8 


~26 
07 


172675 
48789 
0 


DD963 ELECTRIC 
3_ ENGINES 


509.8 
54.7 

nL lls 
60000 
10418 
B2e20 


20 


6000 
6800.7 
2757-7 
401.2 
27569 
250.3 
73565 
HH5.9 


149253 
34973 





Table 5.7 


FUNCTIONAL GROUP WEIGHTS AND VOLUMES OF DD963 
BASELINE AND ELECTRIC PROPULSION SYSTEM 





DD963 DD963 ELECTRIC DD963 ELECTRIC 
BASELINE 4 ENGINES 3 ENGINES 

Vol. Hull 772581 772581 707468 
Vol. Superstructure 241298 241298 205396 
Vol, Total 1013880 1013880 912865 
VOLUME 
Military Mission 159298 186787 159298 
Personnel 251990 251990 ~ 251990 
Control 60633 60633 56912 
Mach. Sys. 292801 265312 221013 
Deck Aux. 5194 5194 4817 
Maintenance 21330 21330 18003 
Stowage 72459 72459 64573 
Tankage 28171 28171 20808 
Pass. & Access 122005 122005 115451 
WEIGHT 
Military Mission 392.8 392.8 392.8 
Personnel 238 .8 238.8 238 .8 
Control 120.0 120.0 119.4 
Mach. Sys. 1259.1 974.0 856.3 
Deck Aux. Lil eal 115.1 ala kil 

_ Maintenance 92.2 92.2 90.7 
Stowage 1806.1 1806.1 1427.4 
Tankage 0 0 0 

| Pass. & Access BS ie 1355 12.8 
Hull Group 3126.1 3126.1 2790.4 
Ship Sys. 602.3 602.3 578.2 
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.64 lbs/hp-hr. The synthesis model calculated that for 


a mechanical drive ship with an SFC of .64 requires 1606 


tons of fuel for an endurance range of 6000 nautical miles. 


At 6784 1lbs/hr fuel consumed for 300 hours (time required 


to cover 6000 mi. at 20 knots) the ship would consume 


908 tons of fuel with the remaining 698 tons of fuel 


being consumed to provide heat and electricity. Cruising 


at endurance speed requires only one gas turbine operating 


in an electric drive ship. Fig. 2.5 in Chapter 2 shows 
the SFC of one engine operating at 10,548 hp to be 

.5 lbs/hp-hr. When the specific fuel consumption drops 
to .5 lbs/hp-hr with an endurance SHP of 10,548 hp, it 


requires 393 hours to consume 908 tons of fuel. 


— 





Cruising for 393 hours at 20 knots produces an 
endurance range of 7874 nautical miles, which is consider- 
ably greater than the maximum required range of 6000 miles. 
The endurance range can be reduced to the desired 6000 miles 


by removing 202 tons of fuel for a 13% fuel reduction. 


| This reduces the full load displacement to 6453 tons. 


{ For this displacement the ship is unstable due to the 


decreased draft. More weight would have to be added to 
make the ship stable again eliminating any advantages 
received from reducing the fuel weight. To produce a 
stable ship requires a reduction in the size of the hull, 


reducing the buoyancy and increasing the draft. A lighter 
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and smaller ship needs less power to provide the required 
full speed of 30+ knots; therefore, the primary reason 
for the three-engined propulsion plant ship. A smaller 
ship automatically implies less fuel (greatly reducing 
fuel weight) for the same endurance range. The smaller 
ship with an endurance horsepower of 9,491 and an SFC of 
.5 requires only 636 tons of propulsion fuel to cover 
6000 nautical miles. This is approximately a 30% savings 
in propulsion fuel(a 17% fuel saving overall) for a ship 
that can perform identical functions at the same efficiency 
as the larger ship. The percent change from the baseline 
ship to the electric drive ships are shown in Table 5.8. 
Only those items which vary from the baseline values are 
listed. For example, the weight of armament does not 
change nor does the weight for Military Mission; therefore, 
they need not be listed in Table 5.8. 

An examination of Table 5.8 indicates why the three- 


engined ship is preferred over the four-engined ship. 


_ The four-engined ship has large increases (20% or more) 


in range, volume, military mission and the payload volume 


| fraction resulting in wasted space. The three-engined 


ship had a 20% increase only in the payload weight fraction 
indicating a more efficient ship design. The primary 
function of a Navy ship is to deliver as much military 


payload as possible where it is needed. Provided the 
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Table 5.8 
CHANGE FROM MODEL BASELINE 
PERCENT CHANGE FROM THE BASELINE TO ELECTRIC DRIVE, 
LISTING ONLY THOSE ITEMS WHICH CHANGE SIGNIGICANTLY 
FROM THE MODEL BASELINE SHIP 


4~ENGINE ELECTRIC 


3-ENGINE ELECTRIC 
% CHANGE*FROM 


% CHANGE* FROM 





* (~) indicates an increase from the baseline 
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BASELINE BAS ELINE 
LBP 0 Sa2 
SHP INSTALLED 0 25 
Vep -1.2 ae5 
Range -31.2 0 
Displacement site 14.0 
WTGP1 0 11.5 
WTGP2 36.1 49.1 
Volume Total 6) 8 
Volume Military Mission ~25.5 0 
Volume Control 0 67 
Volume Machinery System 9.63 24.6 
Volume Stowage (Includes Fuel) 0 15.5 
Volume Tankage 0 8.3 
Weight Machinery System 22.8 32.1 
Weight Stowage(Includes Fuel) 0 26.3 
Weight Hull Group 6) 12.8 
Weight Payload/Displacement 0 ~20.0 
Weight Personnel/Displacement 0 0 
Weight Operations/Displacement 6.4 4.2 
Volume Payload/Volume Total ~25.0 ~8.3 
Volume Personnel/Volume Total 6) -~11.1 
Volume Operations/Volume Total 4.8 6.5 
WIGP2/Shaft Horsepower 36.2 Baal 
Volume Mach. Box/Shaft Horsepower 11.8 ~1.6 
| Shaft Horsepower/Displacement -3.6 12.8 
Volume Mach. System/Volume Total 9.7 16.1 
: WIGP2/Displacement 30.9 30.2 
Volume Machinery Box 11.9 23.9 
Volume Uptakes 07 28.8 
Volume Shafting & Bearings 100 100 
Full Load Ship Density lbs/cu.ft. 3.6 Ba 






payload is the same and the ships have the same speed 
and endurance characteristics, a ship that has a payload 
which is & of its total weight is more efficient than 
one which has a payload of 5% of its total weight. 

The overall summation of Table 5.8 is that a three- 
engined electric drive ship which is 14% lighter, 8% 
smaller,has a 24% smaller and 50% lighter propulsion 
system and carries 17% less fuel, can deliver an identical 
payload at the same speed and range as the larger and 
more expensive mechanical drive baseline ship. 

5.3.2 Analysis of DD963 Ships 

As for the four-engined model electric drive, the 
DD963 electric drive four-engined ship has a much greater 
range than the baseline ship. For this reason, the three- 

engined ship was synthesized to eliminate the excesses 
found in the four-engined ship. The DD963 three-engined 
electric drive ship also has a 20% increase in the payload 
weight fraction indicating a more efficient ship design. 

The overall summary of Table 5.9 for the DD963 is a 
| three-engined electric drive ship which is 14% lighter, 
10% smaller, has a 25% smaller and 50% lighter propulsion 
system and carries 17% less fuel, can carry an identical 
payload at the same speed and range as the larger baseline 
ship. 

5-4 Final Comparison of Model and DD963 
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Table 5.9 


CHANGE FROM DD963 BASELINE 
PERCENT CHANGE FROM THE BASELINE TO ELECTRIC DRIVE, 
LISTING ONLY THOSE ITEMS WHICH CHANGE SIGNIFICANTLY 
FROM THE DD963 BASELINE SHIP 


4-ENGINE ELECTRIC 


3-ENGINE ELECTRIC 
% CHANGE* FROM 


% CHANGE* FROM 


BASELINE BASELINE 
LBP 0 3.6 
SHP INSTALLED 0 25 
Yep se 1 * 9 
Range 30.8 0 
Displacement 4.0 ec 
WTGP1 al 11.2 
WTGP2 36.1 4O.1 
Volume Total 0 9.9 
Volume Military Mission -17.3 0 
Volume Control 0 6.1 
Volume Machinery System 9.63 24.6 
Volume Stowage(Includes Fuel) 0 10.8 
Volume Tankage 0 5.4 
Weight Machinery System 22.6 32.0 
Weight Stowage(Includes Fuel) 0 21 
Weight Hull Group 0 10.74 
Weight Payload/Displacement 0 -20.0 
Weight Personnel/Displacement ) 0 
Weight Operations/Displacement 6.8 2a3 
Volume Payload/Volume Total -12.5 -6.3 
Volume Personnel/Volume Total 0 -12.0 
Volume Operations/Volume Total 3.4 6.8 
_WTGP2/Shaft Horsepower 36.2 32.1 
Volume Mach. Box/Shaft Horsepower 11.8 -l. 
Shaft Horsepower/Displacement -3.8 13.0 
- Volume Mach. System/Volume Total 10.3 Uae 
| WIGP2/Displacement 30.0 40.0 
Volume Machinery Box 11.9 230 
Volume Uptakes °7 28.8 
Volume Shafting & Bearings 100 100 
Full Load Ship Density 4.0 Hens) 


*(-)indicates an increase from the baseline 
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The primary purpose of synthesizing both the super- 
conducting powered Model and DD963 was to use the Model 
as a control case to check on the accuracy of the DD963 
conclusions. The values associated with the model 
synthesis output can reasonably be assumed to be unbiased 
representations of actual changes brought about by the 
conversion to superconducting electric propulsion machinery. 
With the exception of the machinery box weight and volume, 
the Model weights and volumes for all ship functions are 
generated within accepted design lanes based on past design 
practices and philosophies. In the Model, there is no 
wasted or excess weight and volume which can be removed 
to provide a false indication of realized space and weight 
savings when conversion to electric propulsion is made. 
The DD963 is designed outside some of the accepted design 
lanes and consequently has excess volume which must be 
accounted for when analyzing the savings brought about 
by the conversion to superconducting electric machinery. 
The variation of each of these ships from their respective 
baseline ships is shown in Table 5.10. Those characteris- 
tics which are in disagreement are listed in the upper 
half of the table while the characteristics which agree 
are listed in the lower half. 

The small percentage change in the full load ship 
density for the DD963 indicates that much of the excess 
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Table 5.10 


CORRELATION OF MODEL AND. DD963 
PERCENT CHANGE OF 3-ENGINED MODEL AND 3-ENGINED DD963 


FROM THEIR RESPECTIVE BASELINE SHIPS, SIGNIFICANT 
DIFFERENCES ONLY ARE LISTED 


MODEL DD963 
% CHANGE*FROM % CHANGE* FROM 
BASELINE BASELINE 


CHARACTERISTICS WITH VARIANCE 


LBP Dae 3.6 
Vep a5 1.9 
Volume Total 8 9.9 
Volume Stowage 15.5 10.8 
Volume Tankage 68 5.4 
Weight Stowage 26.3 21 
Weight Hull Group P2506 10.74 
Weight Operations/Displacement 4.2 DS 
Volume Payload/Volume Total -8.3 -6.3 
Volume Mach. System/Volume Total 16.1 V7ae 
WIGP2/Displacement 38.2 40.0 
Full Load Ship Density 3.5 AS 
CHARACTERISTICS WITHOUT VARIANCE 
Displacement 14.0 1336 
Volume Machinery System 24.6 24.6 
_ Weight Mach. System/Displacement 32.1 31.9 
_ Weight Payload/Displacement -20.0 -20.0 
' Weight Personnel/Displacement 0 0 
Volume Personnel/fotal Volume =e ea -12.0 
WTGP2/Shaft Horsepower 32.1 32.1 
Volume Mach. Box/Shaft Horsepower -1.6 -1.6 
Shaft Horsepower/Displacement 12.8 1320 


* (-) indicates an increase from the baseline 
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volume had been removed during the synthesis process, the 
ship would have been much more dense. As it is, the density 
of the Model increased more than'the density of the DD963. 
By comparing the changes in total volume, the DD963 only 
lost 2% more of its original baseline volume than did 

the Model. These two items considered together, would 
indicate that very little of the excess volume in the 

DD963 design was lost when the ship was converted to an 
electric propulsion systen. 

The smaller decrease in the volumes of stowage and 
tankage for the DD963 follows the conclusion that the 
DD963 is a less dense ship. These two volumes were 
greater to begin with, and when the volume for the fuel 
savings was removed it created a smaller percentage 


change than in the Model ship. Volume is also the cause 


for the full load displacement of the DD963 decreasing 
less than it did for the Model. The displacement of the 
DD963 is forced higher than it need be in order to have 


' a hull large enough to enclose the required volume. If 








| the volume were allowed to decrease more, the changes in 
full load displacement would be much closer. 

Taking all of the above into consideration, the 
| following conclusions can be drawn for powering a ship 
With superconducting electric machinery: When compared 


toa four-engined mechanical driven ship the three-engined 


109 


© Gees 9 





electrical drive ship will: 


be 9% smaller in volume 

be 14% lighter 

carry an identical payload 

have the same endurance and top speed 

have identical habitability standards 

have a 32% lighter machinery system 

have a 25% smaller machinery system 

use and carry approximately 17% less fuel 
have a 50% lighter propulsion system (WTGP2) 
have a 33% smaller propulsion system (WTGP2) 
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CHAPTER 6 


Cost Analysis 


6.1 Introduction 

At this time, it would be very difficult to put a 
price on the acquisition and installation of a superconduct 
ing electric propulsion system. This thesis covers an 
economic comparison of how much such a propulsion system 
could cost and still be economically feasible. The cost 
of the mechanical drive machinery removed will be figured 
plus the difference in operating cost over the life of the 
ship. The operating costs of an electric drive ship are 
based on a 20 year life cycle, due to the fact the DD963 
is designed on a life cycle of 20 years. 
6.2 Cost of Removed Machinery 

The single largest weight removed from the propulsion 
system is the shafting, bearings and propellers. 191.3 tons 
of shafting and bearings and 10.88 tons of propeller were 
removed. The cost of this removed weight can be assumed 
to be $2000/ton, (1?) which results in a $404,360 cost 
savings. 32.4 tons of uptakes at $1000/ton‘??? were 
also removed for a cost reduction of $32,400. 

The reduction gears were the last large weight and 
volume pieces of machinery removed. The cost of the reduc 


tion gears is based on the total horsepower rating of the 
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gear and not on the weight of the machinery, as were the 
previous items. A representative cost of the reduction 
gears as installed in the DD963 can be based on a $20/np‘18) 
figure. At $20/hp, the cost of removing 80,000 shaft 
horsepower of reduction gears is $1.6 million. The removal 
of the above mentioned equipments results in $2 million 
savings. 
6.3 Propulsion Plant Operating Costs 
An operating profile of 30% underway time per year 

will be chosen as representative of this class of ship. 
While underway, 94% of the time will be at endurance speed 
and 6% of the time will be at full power. Underway fuel 
consumption will be calculated on a specific fuel consump- 
tion (SFC) of .42 1b/hp-hr while at full power. For the 
electric drive ship SFC at endurance speed is .5 1b/hp-hr, 
while for the mechanical drive endurance SFC is .64 1b/hp-hr. 
The SFC for the ships electrical power generation will be 
96 1p/w-hr'12) for an average 24 hour electric load of 
- 1600 kw/hr'23) , The price charged for fuel will be: $16.8/ 

barre1‘17) based on 1977 dollars and fuel prices. Total 
(19) 


fuel costs per year are 


Fuel Cost/Year =) (SFC, x SHP, x HOURS,/YEAR x FUEL COST/1b) 
i 
(6.1) 


Manning costs will be considered to be approximately 
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the same for both the electric drive and the mechanical 
drive ships. For a Navy ship, there should be the same 
number of men of equal pay grades and skills required 
for plant operation and maintenance. The difference in 
life cycle costs for the propulsion plants is calculated 
on acquisition costs and fuel costs. 

6.3.1 Fuel Costs per Year 


Fuel consumed per year is calculated py: 29) 


Fuel (cons) = (SFC)(days underway x 24hr/day x time at SFC) 
2240 1b/ton 


(SHP) (7.23 BBLS/TON) (6.2) 


The fuel consumed by the baseline ship is calculated first. 


28,371 BBLS 


Fuel (ENDURANCE) 


52,920 BBLS 
Fuel(ELECTRICAL)= 12,969 BBLS 


Fuel Consumed/year = 99,670 BBLS 


At $16.8/BBL, fuel cost for the baseline ship.:is 
$1 y 674 454. 


The fuel consumed by the electric drive ship is: 


Fuel(FULL POWER) = (ee) (109 x 24 x +08) (00,000) (7.23) 


Heals: 





Fuel (Full power} 12,767 BBLS 
Fuel (Endurance)= 41,344 BBLS 
Fuel (Electrical) = 12,969 BBLS 
Fuel Consumed/year = 67,080 BBLS 


The total annual fuel cost for operating the elctric drive 
ship is $1,126,944. The cost savings in fuel alone is 
$547,510 per year. 
6.3.2 P.V. of Life Cycle Plant Costs 
To compute the present value (PV) of plant operating 
costs the discount rate (DR) is assumed to be 6% (based 
on real value 1977 dollars). The discount rate factor 
is: 
(1+ pR)-- 1 
Cap = (6.3) 
DR(1 + DR) 


where L is the life of the ship. Present Value (PV) is 


PV = Cost/year (C),) (6.4) 


| The present value of the fuel saved over the 20 years life 


of the ship is: 


f 


Cop = 12.5 
PV = $547,510 (12.5) 
== $6,843,875 


The Present Value of $6,8 million fuel cost savings 
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is valid only if the cost of fuel does not change over 
the next 20 years. One would have to be very naive to 
even assume that the cost of fuel will not continue to 
change. The $6.8 million fuel cost savings is a bottom- 
line figure based on the assumption that fuel costs will 
not rise any faster than will inflation. As the cost of 
fuel continues to rise, the fuel economical ship is even 
more desirable and the fuel savings for the electric 


drive ship continues going up. 


6.4 Limit Cost of Electric Drive 


The total cost of equipment removed plus the present 
value of 20 years fuel savings is 8.48 million. Using this 
value as a guideline, the superconducting electric propulsion 
machinery is economically feasible if the acquisition cost 
of threee generators, two motors, six cryogenic refrigera- 
tors, switch gear and cabling is $8.48 million or less. 

For a 60,000 hp ship, this value breaks down to a cost 
of $141 per horsepower, or $188 per KW. $188 per KW for 
an upper limit cost of a complete superconducting electric 
propulsion system appears to be obtainable utilizing current 
superconducting technology. 

The $8.48 million savings figure does not take into 
account the decreased acquisition cost or the yearly de- 
crease in maintenance costs of a 10% smaller ship. The 


20 year cost of paint alone will be a substantial savings. 
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Inclusion of these additional savings would only increase 
the upper limit acquisition cost of an electric transmission 


system. 
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CHAPTER 7 


Conclusions and Recommendations 


The results of the design criteria which were applied 
to a propulsion system incorporating superconducting 
electrical machines indicates that development of this 
technology will provide a significant reduction in machinery 
weight and volume. In any comprehensive study of competi- 
tive propulsion systems for a particular ship design, the 
superconducting electric system must be considered a viable 
candidate for increasing the overall ship performance. 

The work associated with this thesis leads to some 
specific conclusions, resulting from the substitution of 
superconducting electric machines for the transmission 
system presently installed in the DD963 and the subsequent 

reduction in ship size and propulsion system size and power. 

Additionally some general conclusions can be drawn for the 
application of these machines in other propulsion systems. 

' The specific conclusions can be enumerated: 

1. A 388 LT reduction in machinery plant weight (50%), 

' exclusive of fuel, can be realized by the substitution of 

the proposed system for the presently installed. A projec- 
tion of gas turbine fuel consumption improvement allows 


‘fuel weight to be reduced by 272 LT for a 17% reduction. 
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When machinery and fuel weight savings are considered 
together, there is an absolute weight savings of 660 LT. 

2. Substitution of the proposed system in the DD963 
produced a marked improvement in the volume required for 
the machinery plant, for a volume reduction of 29,000 ft? 
(16). This reduced volume would still allow sufficient 
space for the performance of machinery maintenance. 

3. A smaller ship carrying an identical payload and 
having identical performance characteristics can be 
constructed to take full advantage of the weight and volume 
savings provided by the proposed propulsion system. The 
construction of the smaller three-engined ship versus the 
original four-engined ship, produced an overall weight 
reduction of 1085 LT for a 14% weight reduction and a % 
savings in volume. 

4, <A superconducting electric transmission system 
is economically feasible if its acquisition cost is $8.48 
million or less ($141 per horsepower). 

In addition to the above conclusions, some general 
observations about the proposed superconducting system 
are: 

1. The use of an electric transmission system allows 
the efficient operation of gas turbines without the problem 
of excessive fuel consumption at off-design conditions. 


The power plant can be divided easily into several 
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generating units, each with a gas turbine and superconduct- 
ing generator, without requiring the individual units 
being clustered around the reduction gears. Increased 
prime mover dispersion will decrease the vulnerablility 
of the propulsion plant. The number of economical operating 
speeds would correspond to the number of generating units. 
2. Application of the proposed system in any particu- 
lar ship design would not preclude any future changes in 
components that take advantage of technological improve- 
ments. All components of the proposed propulsion system 
are small enough that they could be replaced by an improved 
machine with relative ease. Substitution of original 
equipment with new and improved designs may be very 
desirable over the life of the ship. 
3. The proposed electric drive system has a high 
degree of controllability, primarily due to the ability 
to use all electric controls for power control. 


/ These conclusions demonstrate the desirability and 








_the feasibility of incorporating superconducting electric 
| machines in Naval ship propulsion systems. 

This thesis has touched on several areas which require 
: further investigation before superconducting electric 
machines can be used in marine applications. The most 
important of these is the actual details of machine construc- 


tion. In addition to the specific machine design problems, 
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the use of solid state converters for the control of 
synchronous motors and the liquefier/refrigerator cryogenic 
system, as proposed here, will require further exploration 
and development. The poor controllability and torque 
characteristics of synchronous motors at low power levels 
and RPMs would probably necessitate the use of a conventional 
electric motor to start and power the propellers at low 
RPMs. This motor could be in the configuration of a motor 
around the propeller shaft driven by the ships service 
electrical power. Low speed maneuvering in restricted 
waters and emergency propulsion in the event of total 
failure of the superconducting machinery could be provided 
by these conventional motors. 

A detailed engineering design study would have to be 
performed before the proposed propulsion system could be 
substituted for the original in the DD963. Propulsion 
plant machinery rearrangements should be made to prove 


the validity of the conclusions drawn in this thesis. 





| Weight and moment calculations would be required to check 
the stability and trim of the modified vessel. 

The preceding suggested areas of development and study 
are only those which are the most obvious at the conclusion 
of this thesis, and certainly many additional problem areas 
will have to be addressed for theory to be translated into 


reality. 
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APPENDIX A 


superconducting Machine Design Program 


eZ 





CSJOB 
C*##ee SUPERCCNDUCTING MACHINE DESIGN S52 


1 DIMENSION V(8) ,tiC (5), JC (5) 
2 DIMEKSION VV (8) ,DV(8) , ¥V1(8) 
3 DIMENSION CVL(@) 
Cc RPI, TUP, GEK, THK,  GKA, THA, GAS, AJP 
8 DATA V(1), ¥V(2), V3), V(4), VS), V(6), V7). Vv (8) 
1/ ~40, .C26, .025, 205. W t502; ot, = *02, 9 1,2E @y'7 
5 DATA DV(1), DV(2), DV(3),- DV(%), D¥(S5), DV(6), DV(7), DV (8) 
/ -048 , .0026, .0025, .005, .002, .01, .002, 1.2B47 / 
6 DATA DYL(1),  DVL(2), DV¥L(3), DVL(4) 
1/ o ty =a | ol, ot / 
7 DATA DVL(S), DV¥L(6), DVYL(7), CVYL(8), TS 
1/ Sur a Ng etl, st, 1 / 
a DATA NUMIT 
1 ANUS: °F 
4 CPP=CF (V,NUMIT) 
C#s#e STEPSIZE DETERMINITATION POR OPTIMIZATION ‘*408 
10 EPSI=0.005 
q 11 . NV=8 
ss 12 CPO=CFF 
13 IP(NUMIT .£0. C) GC TO 100 
14 DO 2 NN=1, KUMIT 
15 DO 5 I=1,RV 
16 DO 1 I1=1,NV 
17 1 VV (II)=V(IT) 
18 Y12CP (VY ,NOMIT) 
19 k= .GC1*V¥ (I) 
20 IF(DV(I) »IT. A) DV(I)=V¥(I)*.CO1 
21 VV (I) =VV (I) #DV (I) *18 
22 Y2=CF (VV,NUMIT) 
23 VV (I) =VV (I) *DV (I) *1W 
24 YI=CP (VV, NUMIT) 
25 I? (¥1¢Y3-2.*Y2) 50,50, 53 
26 S50  DX=-CV(I) “TW 
27 IP ((Y1-Y2) . LT. C.0) CX=CV (I) *TH 
28 S52. IP ( (Y1-Y2).EG.0.0) D¥=0 20 
29 Go TO &4 


30 $3 DX=DV (1) * (3.*Y 1-4. FY 2673) £ (2.8 Y1- 4. * ¥242,.%Y3) TY ° 
31 58 = DV(I)=V¥ (1) *CVL (I) 


32 IP (DX eLT. 0.0) DV (I) =V¥V(I) *(-1.0)*DVL (I) 
33 IP(ABS(CX) «LT. (DVL (I) *V(I))) DV (I)=DX 
3a 5 CONTINUE 
‘ 35 CO 3 KK=1,¥V 
36 3 VV1(KK) =V¥ (KK) ¢LV (KK) 
37 CFI=CE(VV1,NOMIT) 
38 WRITE (6,75)CP1,NN 
39 IP ((CPO/CP1)-(1.0¢EPSI)) 56, 56,55 
40 55 DO & KK=1,NV 
41 a V (KK) =¥V1(KR) 
42 CFO=CF1 
43 2 CONTINUE 
uy 56 RUMI %=9 1 
a5 CPOsCP (V ,NUMIT) ; 


a6 75 PORMAT(' *,5X,15H COST PUNCTION ,5X%,£10.4,10X,14H ITERATION NO., 


t 


ZZ 








sTOP 
END 


15X ,16) 


Oo 
Oo 
e 
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ug PUNCTICN CF(V, NUM) 


50 DINERSION V(8),HC(6) , JC (6) 
_ _ 51 me DIMENSION H (20) 
52 REAL LZ, LCA, LA, LAS, LCA, ILCK, LCF, LBE, WAAT, NPAT, LAK 
53 REAL IA, IF1, WA, IN, MSS, MK, MS, NB, KGLOS, JSR, MA 
54 REAL JC, 12, NPA, KWA, KRBL, KEPL, LTH 
55 REAL KVAPU, NAPA, MU, KK 
56 REAL KEKL 
57 OATA HC (1), HC (2), HC (3). BC (4), HC (5), HC (6) 
1/ 5 .5E*6, R.38E+6, 3.18E#6, 2.0E+6, ~-796E*6, 0.0 / 
58 DATA Seti}. JC (2), JC (3). JC(4), 3Jc(5) , JC(6) 
v4 0.9, 1T.UE+t8, 2.0E+8, J.OE+A, K.O0E*+8, 4.6E+8 / 
59 DATA VAe PF, PCLE, RPM, AJA 
. v/ 22.5846, 1.0, 6.0, 200.0, 3.5E*6 
60 DATA THWAR, THWFE, SPA, SFF, NPA, KWA, KBL,KBPL, LTH 
l/ 1.047, 2.994, ase oe Jey lee Nese 05, 025 v4 
61 DATA SIGMAA, SIGMAK, KVAPU, YT, XT, X1, X22, PR 
v/ 6.0E+7, 2.0E+7, Ane saeee oe eee: | / 
62 DATA ROSS, E, TMAX, ROB, GKI, GAI, I2, RP 
l/ 8000., 2.0E+11, 4.5E*&, 1800., .02, .02, .05, 1000. / 
a 63 DATA ROAL, DM AX, ROFE, GAMMA 
V/ 2600., 2.4248,  75C0., 2.4 / 
69 DATA ECCU, EAL 
V/ 8B00., 6.SHE*10 + 
65 DATA BSMAX, KBKL, PZ 
1/ 1.75, 1.0, 2.65 / 
p.- 66 RPI=V (1) 
67 THP=V (2) 
68 GP K=V ( 3) 
69 THK=V (4) 
70 GK k= V (5) 
71 THA=V (6) 
72 GAS=V(7} 
73 AJP=V (8) 
7 PI=3.14159 
75 MU=PI¢4,0E~7 
76 PSI=AFCOS (FF) ‘ 
V7 P=POLE/2.9 
78 OMEGA=BP¥* P*2, 0* PI 60.0 
79 HP=VA/746. C*PP 
Ce#we CALCHLATE MACHINE DIMENSIONS dhl 
Ceeee RPO,RKO,RAO ARFOUTER RADII OF PIELD, DAMPER, AND ARMATURE sees 
80 499 RPO=RFLSTIP 
81 RKI=F FO*G PK 
82 RKOSRKI¢THEK 
a3 RAI=FRO*GKA 
Ag RAO=RAI¢THA 
85 RS=RAC+GAS 
86 X= RAI/RAO , 
87 Y=RerIyRFO 
88 U=RKC/FS 
89 W=RAC/RS 
90 Z=REC/ES 
91 ZZ=RRKISRKO 
92 RA=(EFAO*RAI) £20 
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93 
a4 
95 
96 
97 
98 
99 
100 
191 
102 
103 


104 
105 


106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 


120 
121 


122 
123 
124% 
125 


126 


RF= (RFO+RPI)/2.0 
RSB= (RKC#RKI) /2.0 
C10=TEWAE/2.0 
C112 THWFE/2.0 
SC10=zSIN (C10) 
SC 11=SIK (C 11) 
CMI=CM (E,X,8) 
CS1=CS (P,X,#) 


CCc=2.0*P 

PP=2.0+P 

AA=2.C-P 
C#*** CALC LENGTH OF MACHINE <= + 
Ceee*® YIIS ISTERNAL BASED REACTANCE =e 


XI= (NPA®SORT(2.)/4.) ® (AJA/AJF) * (SC10/SC11) * ((RAO/RPO) ** BB) 
1* (CS 17 (CM1*(1.0-¥**BB)))™KWA 
C*##e*s PPI IS KVA/ONIT LENGTH BASED ON INTERNAL VOLTAGE 
PPI= (8. /(SQR1(2.) *FI)) *OMEGA™M U*AJA*AJP* (1. 0-¥**BE) * (RPO**BB) 
1* (RAO*®*AA) ¥CH14SC10*SC11*K WASNPA 
C**#"* LZ IS UNIT LENGTH 
LZ=VA/PPI 
Ceee* LDA IS EFFECTIVE LENGTH CF ARMATURE 
LDA=(FAO*RAI- (RPO*RFI) *KBPL) *KEL/P 
FEY A=LDA/LZ 
AT= ( (XI **2*BETA) ¢XI*SIN (PSI) )/(1.0-XI**2) 
ALPHA=AT#SOR1(AT#*#241,(42.C0®XI *BETA *SIN(PSI) *(XI*BETA) **2) 
Cee#e LA IS ACTIVE AFMATURE LENGTH 
LA=L72*ALPHA 
Ceeee LAS IS ARMATURE STRAIGHT SECTION LENGTH 
LAS=LA~ (RFO*RFI) *(KBFL) *KPL/P 
C*#e*s LOA IS TOTAL EFFECTIVE ARMATURE LENGTH 
LOA=LA¢I.DA 
C¥eee XA IS TOTAL REACTANCE/UNIT BASED CN INTERNAL VOLTAGE 
XA=XI* (ICA/LA) 
IF (YA .LT. 1.0) GOTO 5CO 
TILA=THA-THA®O, 1 
GO TC 4S9 
500 VOE=SCRT(1. O- (XA*COS(PSI) ) **2) -XA¥SIN (PSI) 
KD=XKA/VOR 
C*#ee LOK ANC LOF ARE THE EPFECTIVE LENGTH OP CAMPER AND FIELD 
LOK=LA4 (RKI¢RKO) *(KBL/P) 
LOP=LA+ (RPI¢RFC) /P 
Cave PULZ CF THUMR GUESS FOR LENGTH OF EEARING SPAN 
LBR=LCK#2.C#LTH 
C*#e* WAAT IS TOTAL NUMBFR OF ARMATURE AMPERE-TURNS 
NAAT=AJA®*THVAE*RAO®#2® (1.0-K#82) 72.0 
Ceex* NPAT IS TOTAL NUMBER OF FIELD AMPERE-TURNS 
NPAT=A.JP*THWPE®RFOS#82® (1,.0-¥#8#2) 72.0 
Ceees VPT IS GENERATCD VCLTAGE/TURN/FHASE 
V PT=32. 07 (2. 0*SOPRT (2.0) ®PI) SOMEGA*MU ¥LA®AIP*SC 104*SC11 
1= (1,0-¥"**BE)/( THWAE®*(1.C-X = 2) *RAO**£) © RFO** BD©CH1¥KWAYVOE 
Cc 
Ceee*® CALC OF TRANSIENT ELECTRICAL PARAMETERS 
C®see LAR IS ACTIVE ABMATURE LENGTH FOR COUPLING TO CAMPER 
LAK=LAS* (PRO#RRI) *KWA®KBKL/P 
C#ae* KP AND XDEP ARE TRANSIENT AND SUBTRANSIENT REACTANCES 


eo) 
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129 
130 
131 


nae 
133 
134 
135 
136 
137 


138 
139 
1480 
141 
192 


183 
188 
185 
186 


197 
148 
149 


150. 


151 
182 
153 
154 
155 


156 


XDPAXD* (1. C-4,0*(LA%* 2*KWAY (LCA*LOP) )* (CM(P,X,W)**2) / (CS (P,X, 6) 
V®CS(E,¥,2))* (RFO/RAQ) **CC* (1,0-¥"*BB) #*2) 
XPPP#YD* (1.0-2.0*( (LA**2) s(LCA*LCK) ) *(CNH1®*2) /(CS(P,X, k) 
1°CS(P,22%,U))*( (EKO/RAO) **CC) * (1. 0-22** BB) ** 2) 

c#ee* TS AND TDPP ARE SHIELD ANC SUBTRANSIENT TIME CONSTANTS 
TS2PI*SU"PRKC*( FKC=FKI) “SIGMAK/4. 0* (1.0422) **CC 

Ceeee TA TE ARSATURE TIMF CCESTAAT 
TA=2.0°MN “SC 10** 2* SIGMAA" SPA® RAO**® 2®CS (P,X, 4) / 
V{PI®THWAE® (1.9-X**2) ) *NPASKWA®#2SXDPP/XD 
TDPP=TS* (XDI-XDPE) / (XD-XDPP) 


Cc 
C#**ePTELD CNFRENT RISE 
Cc PIELD CURRENT RISE DURING CRITICAL POST-PAULT SWING 
Cc XE IS EXTERNAL REACTANCE 
Cc EPS AND VINF APE INTERNAL ANC BUS VOLTAGES 
Cc IP? IS PFR URIT MAX PIELD CURRENT 
IA=KVAPU/VT 
KE=X U*X2/ (X14X2) +XT 
EFO=SORT (VT**2¢ (XD*IA) **€24¢2,.C*VT*XC#IA*SIN (PSI) ) 
VINP=SCRT(VI8*2+ (XE*I A) **#2-2,.0°VT*XE* IA*SIN (PSI) ) 
DEO= ARS TN (KVAPUII*COS (PSI) *XC/ (VINP*EPC) ) 
IF1=2. 6* (XD-XDE) *COS (DEO) , (XCP*XE) / (EPO) +1.0 
Cc 
C**** TORQUE TUBE RECUIREMENTS 
Cc TORQUE TUBE IS CESIGNED TO CARRY WORST CASE TORQUE FROM 
Cc A IINE-LIWNE TEFNINAL PAULT 
Cc TPP IS PEX UNIT WORST CASE TORQUE 
C TT IS WORST CASE TCROUE 
Cc SQ IS RADINS RATIO OP TORCUE TOBE. THIS ROUTINE ATTEMPTS TO FIND 
Cc THE PROPER VALUE PCF SC 
N=0 
IA=KVAPOSV1I 
EPP=SQRT (VT *"2¢ (XNPP*IA) *22¢2., C#¥VT*XCER*IA*SIN (PSI) ) 
TPE=1.3%EPP**2/XDPP 


TT=VP*TPP/CHEGA 
Cose* FINDIKG GPTINOH INNER FADIUS 
SS= ( (7. 0*PR) /16.0) *ROSS *RFI**2*CREGA**2 


FR=0.5 
SQ0=9.9 
SONEW=0.9 
C**ee WILL TFY 250 TIMES FOR A SOLUTION 
Cc IF APTE®? THAT FANY TRIES IT HAS NCT POUND A SOLUTION 
Cc IT FETIBATES STRESS PORK AN ALMOST SOLID SHAPT 
1210 IF(N.LT.25C)GO TO 1220 
5I=2.0*55 


SO= SI* (1. 0-PR) 7 (3-0¢PR) 
TAUO=2.0*TIy (PI*RPI** 3) 
TO=SCRT (TAUO®*2¢5Q%#2) 


TD=SI 
IP(TO .GT. SI) TD=TO 
FePI=0.0 
GO TC 1300 
Ceees REJECT NEGATIVE INNER RADIUS 
Cc AND INNER RADIUS GREATER THAN OUTER RADIUS 


1220 IP(SCNEW*¢SO .LT. 0-C) SQNEW=SQNEW/s2.0 
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_ 


157 
158 


189 
160 


161 
162 


163 
164 


165 
166 


167 
168 


169 
170 


171 
172 
173 
174 
175 
176 
177 
178 
17S 
189 
191 
182 
183 
184 


185 
186 
187 
188 
189 
19¢ 


CaAsee 


Ceeee 


12499 


a 
* 
* 
€ 
® 


AANMNAAAAA 


1309 


IF(SCNEW*SO .GT. .99) SQNEW=SONFW/2.0 

SQ#SO*SONEW 

SO,SI ARE WALP OF CENTFIFOGAL STRESSES AT OUTER, INNER RACII 
SOeSS* (2.0% (1.C-PR)/ (3 .04FR) +2.0*SC# #2) 

SI¥SS* (2.0% (1. 0~ER) /( 3.0¢ PB) #$Q** 2¢ 2.) 

TAUO AND TAUI ARE TORQUE STRESSES 

TAUO=2. Of TTy (RFI ®*3*(1.0-SC*®*4) *PTI) 

TAUI=2 .0*SQ*TT, (SFI%*3%(1.0-SQe*4 )*PT) 

TO AND TI ARE MOHR'S CIRCLE ADDITIONS 

TO=SCRT (TANO**# 2450082) 

TI=SQ8T (TAUI ** 2451 ** 2) 

LARGER ST®ESS POINT USED AS CRITERION 

T1=TI 

IF(TC .GE. TI) 11=10 

ATTE™PT TO GET WITHIN 95% CFP SEECIFIED STRESS, THAX 
IF(TMAX .LT. T1 .AND. .IS*THAX .GT. T1) GO TO 1230 
RBI IS SUPECRT INNER PADIUS 

RBI= £0 RPI 

TO IS THE STRESS LEVEL USED 10 CALCULATE SHAPT STRESS 
PENALTY FUNCTION 

TD=TMAX 

GO Tc 1300 

NEWTCNS METHOD IS USFU TO CBTAIN A NEW GUESS FOR SQ 
DT1 IS RATE CP CHAKGE OF STRESS WITH SQ 

DS AND DIT ARE COSPCNENT CERIVATIVES 

SQNEY IS THE ESTIMATE FOR THE CHANGE IN SQ REQUIRED 
IP (TI-10) 124C, 1259,1250 

N=N¢ 

DS=9.0*SO*SS*(1.0¢PR) /(3.0*PR) 

DTO=TAUO#®4U. C*#§0*#37(1.0~SCPe4) 

DT=TAUO*DTO 

DT1= (SI*DS *TAUI® DLT) /T1 

SQNEW=ER*(.975*IMAX-T1) sD0T1 

GO Tc 1219 

N=Ne¢1 

psz4u.C*sQ*Ss 

DT =T ANO*4. 0°50 **37 (1.0~SO**4) 

DT1= (SC*DS¢TANC*DT) /T1 

SQNEW=PR* (.S75#TMAX-T1) /0DT1 

GO TC 1210 

DAMPEB REQNIREMENTS FOR PAULT CRUSHING LOADS 

DAS ER IS DESIGNED TO CARRY WORST CASE CROSHING LOADS 
PROM A LINE-LINE TERMINAL PAULT 

STNG IS MAGNETIC STRESS AT SHOFT CIRCUIT 

STR IS TOTAL STRESS P2OM A PAULT 

STCP IS CENTRIFUGAL STRESS AT RATED SPEED 

DPCP IS CENTRIFUGAL DEFLECTION AT RATED SPEED 

DFMG IS MAGNETIC DEFLECTICS FRCBK A PAULT 

DFB IS TOTAL DEFLECTION AT SHORT CIRCUIT 

FT= (RFI¢RAI)/2.0 

THSB=RKO-RKI 

WUHSFILRS 

ZZZ2RSE/RS 

CNTH=ABS (PF) 

SNTH=SORT (1. 0-PF* PF) ¢PF/CNTH 


127 





191 
192 
193 
194 
195 
196 


197 
198 


199 
200 
201 
202 


203 
208 
205 
206 
207 
2ce 
209 
21¢ 
211 
212 
213 


214 
215 
216 
217 
218 
219 
22¢ 
221 
222 
223 
224 
225 
226 
227 
228 


229 


230 
231 


232 


Crees 


Cees 


Cc 


SK DL= XA*CN TH 

CNDL=SOQRT (1. 0-SNDL*SNDL) 

BAO=4, 2U2*4U/PI#®SC10*BAO™ (1,0-Xt (1,0-X*%3) /3.00W%*2) HATA 
ELSS=P1#MI)® (1,.C+ (RSB/RS) **2) /8.0 

NA*NAAT/AJA 

ELA= ((16.C#LOA®MI® (NA®®2) ™ (SC10*#2)) /(P*PI® (SC 10##2) 


12°(1,6=X © *2) **2)) *SS*KWAS* 2 


FLS= EE A*1.5 
EMAP=2.0*4N*SC 10*( PP/RAO) * (1.0-X¢1.0/3. Of (1,.0-X*"3) * (RAO/RS) **2) 


1/ (THWAE® (1,.9-X#2)) 


EMAS2E 4AP*® (PSB/RT) 

XDIT=XC* (1.C-1.5*EMAS* EMAS/ELS/ELSS*LA/LOA) 

BA 1=BAO/XD11 

BFO=0.6666 7*NU/PI *SC11*RS B® (RPO/RSB) ¥*3* (1.0-¥ #3) © (1.0-22Z%* 2) 


1*AJF 


DELT=ATAN (SNDL/CNDL) 

THET= AT AN (SNTH/CAT BH) 

CCC=2. O#BA 17 (1.04772*%* 2) 
AMA=EAO®SNTHOCCCOPFOCCNDL 
BBB=PAO*®CNTH*BFO* SNDL 

AOT= SCRT (NAA®*®2¢PBES* 2 CCC) 

ATBATATAN (BAB/AAA) 
EEE=PPO*COS(ATEA-DELT) *PAC*SIN (ATBA*THET) 
DDD=PFC*SI N(AT BA-DELT) -BAO*COS (ATPATHET) 
PR1= (BOT** 2-PEE**2-DDD**2) /MU/U OLN 

PR 2=SORT ( (POT **2-EEE** 2¢DCL##2) *#2¢(ERE*DDE) ** 2) 


194 .0/4U/4.0F4 


PR IS MAX RACIAL FCRCE AT PAULT 
FR=EE1¢PP2 
STMB=FR2*2.0*RSB**2/THSB/TBSB 
STU =- PR1*FSB/TASB 
STMG=STMB-STMOU 

VLB=RKO**2-PKI #2 

RHSB=VLB*ROAL 
STCP=2ASB*RSE**2*ChEGAS* 2*1,CE-4 
STB=STMB*¢SICFE*STMU 
AIS=RKO**#U-RKIG#Y 

ESB=EAL*AI S$ 

DFMB=2. 0/3. O*FR2*2 OEU/ESE/THSB**3*RSBO*N 
DPMU=STMU* FSB/ESE*1,0£4 

DPRG= CFMB-CPAU 
DPCP=STCP*RSN/ESB* 1.064 

DFR=C FAB¢DECE+DEM! 


NEGATIVE SFCUENCE I.OSSES 
KK IS SHIELD CURRENT DENSITY 
KK=4. O#8AJA*12"SC10®RKC#* (P-1.0) *RAC®* (2.0-P) *P¥BB* CH (P,X,B) / 


1(PI*(1.0en**CcCc)) 


DDS=SORT (2. C/ (CHEGAS MU *SIGHA K) ) 
PSH= (EK®*2* PI © RKC* LOK) /( SIGMAK*DDS) 


C*#*¢* ARMATURE LCSSES 


PA= (AJA**#2/ (SIGMAA®SFA) ) *THWAE*RAO® 2 (1,0-K##2) *LOAHPA 


Cc 
C**e* PIELD AT SHIELD RADIOS 
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233 BES=NU* ((4.O0*3JP*SC11) /(BB*P1) ) *RS*Z** BBY (1, 0- ¥**BB) 


Cc RSO IS SHIELE OUTER RACIUS 
: Cc SHIEID IS DESIGNED POR UNIFORM FLUX CENSITY 

2348 RSO2RS* (1. C#PRS/ (BSUAX*P) ) 
Cc 
Cesee PIELC AT AN INNER CORNER OF FIELD WINDING 

235 HR =0 

236 HTH =C 
Cc ESTINATE PIELD INTENSITY AT INNER RAEIUS AND HIGHEST ANGULAR 
Cc EXTENT OP THE PIELD WINDING. UGARMNONICS 1 TO 19 AND BOTH RADIAL AUD 
Cc AZIMNUTHAL COMPCNENTS ARE INCLUCECL. 

237 DO 1500 I1=1,29,2 

238 F=PLCA1{I) *P 

239 G=FLCAT (I) *THWFE/2.0 


240 1590 H(I) =2.9*8AJP*SIN (G)/(PLOAT (1) *PI* (2.0-F)) *RFI*y**(F-2, 0) 
1*CN (7, ¥ oZ) * (9. 0° F**7Z) *F 


241 DO 16COK=1,29,2 
242 ES=PLOAT (K) *THWPE/2.0 
243 AR=HROH (K) *SIN (ER) 
284 1600 HTH=UTH#H (K) *CCS (EE) 
245 BMAX=SCRT(HR** 2+HTH** 2) 
% 
C*#** ROTOR CRITICAL SFEED 
c COMPUTE ROTOR CRITICAL SPEED USING A SIMPLE BENDING MOMENT MODEL 
Cc TORQUE TURE STIFFNESS ONLY IS USED 
Cc MASS MA INCLUDES TORQUE TUBE, SHIELD, AND PIELD 
J 246 MA= (ROSS * (RPI®*2-RPI*= 2) +RCCU*SEP*RFC#*2® (1,0-¥"*2) 
1*ROAL* (FXO *#*2-RKI©* 2) ) *PI+ROE™ { (RPO*GF K- GKI) *# 2-RPO**2) *PI 
Cc IN IS TORQUE TUBE ¥CHENT CP INERTIA 
287 IN= (3.191674. 0) *(PEI®*4-RPIe* 4) 
248 OMGCR T= 9. 975*SORT (E* INS (LER**4 #MA) ) 
249 OBRPMN=CMGCRT/(2.0*FI) *69.0 
Cc 
C®*e* WEIGHTS OF MAJCR NATEBIALS 
c STAINLESS STEEL {TORQUZ TUBE), COPPER (ARMATURE), STEEL(IRON SHIELD) 
Cc AND AIUSI SUS (DAMNEER) 
250 MSS=PL*® (R71 **2-RPI**2) *LBP#ROSS 
251 MR=PJ*®RKO**2*(1,0-Z2Z**2) *LCK*RCAL 
252 MA=PI*RAO**2*(1, 0-X**2) *LOA*ROCU®SPA 
253 MS=PL*(RSO**2-BS**2) *LCA=RCPE 
c MB IS WIGHT OF PINDING MATERIAL 
254 MR=PI* ( (RPO+GFK-GKI) #*2-RPC**2) *LCP 
c 
C**#** SUPERCOKDUCTIOR REQUIREMENTS POR COST ESTIMATES 
Cc RFSULT IS IN APPERE-TURNS-PETERS 
255 ATM= (AJ P*THWPE®R PO** 2" (1,.0-¥**2) /2.0) *2.0*LOP 
Cc 
c**** STATCR CORE LOSSES 
c PPKS IS CORE LOSS DENSITY IN WATTS/KG 
256 PPKG=PZ* (2RS/BSMAX) **GANBA : 
_ 257 PCORE2™S*PFKG 
Cc 
C*#®* COST PURCTICH 
Cc c IS COST OF MACHIBE IN WEIGHT 
258 C=zMSS¢PACMK OES 48B 
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a 
SS 


A 


259 


26C 
261 
262 
263 


264 
265 
266 
267 
268 
269 
270 


271 
272 
273 


278 


275 


276 
277 


278 
279 


280 
281 
282 
283 
285 
285 
236 
287 
288 


Ceses 


AANAAA 


10 


1700 


Course 
11 


Cese8 


Cc 
Cxeen 


Cc 
Cerne 


Cc 
Ceete 


C tenn 


— ee ee 


ALOS=PA*PCORF*¢PSH 

WLOS IS IW KG FER WATT 
WLOS=C/ALOS 
WATLCS=ALOS 
KGLOS=WLOS*ALOS 
PFLS=1.9 


PENALTY PONCTION FCR FIELD CURRENT LISIT 

FIELC CHARACTEPISTICS AFE INPUT AS FIVE POINTS It H-J PLANES 
H IS IN HC ARRAY, J IS IN JC ARRAY 

H IS ASSUMED CCNSTANT IN A SWING 

FOR A FIXELD H, LINEAR INTEPPOLATION IS USED TO OBTAIW CRITICAL 
CURRENT DENSITY 

HMAX IS MAXIMUM PIELD INTENSITY 

IP (HMAX .LE. HC(1)) GO TO 10 

PPFC=10*#40 

GO TC 11 

Do 1700 I=2,5 

K=I-1} 

L=I¢1 

IF (HMAK .GT. HC(I) .~AND. HMAX LE. HC(K)) 


TWISRHIC (I) * (UC (L) -JC (1) ) ™ (RBAX-HC (I) ) s (HC (L) -HC (I) ) 


CONTIRKUE 
IF(H@NAX .LT. HC(5)) JSR=J3C (5) 
PFPC=.9¢.1#(AJF*IFUAISE) ** 15 


PENALTY FUACTICN FOR SHAFT STRESS 
PPSI=.9¢. 1® (TD/TMAX) #915 


PENALTY FUNCTION FOR SHAFT CRITICAL SPEED 

PROVISION IS MALE TO PCRCE LC® CRITICA SPEED ANC TO KEEP 
CRITICAL SEEFD AWAY FROM OPERATIN SPEED 

PFCS=. 9+. 1 (OMEGA/ (P™OMGCRT) ) **3¢.C01* (P®OMNGCRT/ (P*®ONGCRI- 


OMEGA) ) **2 


PENALTY FUACTICN PCR SHIELL FLUX LIMIT 
PPSP=,9%.1* (BRS/BSMAX) #15 


PFNALTY FONCTICN FOR DAMPER STRESS 
PFDS=.9+. 1*(STB/DMAX) **5 


PENALTY FUNCTICN FCR ARMATURE INSOLATICN AND DIAMETER 
PFAI=.94. 1*(GAI/(RAI-RKO) ) **15 
PPAC=.9+.1® (GAI/ (RS-RAC) ) 915 


FINAL COST FUNCTION 
CF=C*PFSI*PFCS*PFSF*PFFC*PFLS*EPLS*PFAI®PPAC 
IF (KUM .GT. 0) GO TO 100 

VIl=VA/SIED6 

VI2=HSAX*5U 

WRITE (6, 701) 

WRITE (6,703) 

WRITE (6, 795) 

WRITE (6,797) HP 

WRITE (6,709) V1 
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289 
290 
291 
292 
293 
294 
295 
296 
297 
298 
299 
300 
301 
302 
303 
304 
305 
306 
307 
308 
309 
310 
311 
312 
313 
314 
315 
316 
317 
318 
319 
329 
321 
322 
323 
324 
325 
326 
327 
328 
329 
330 
331 
332 
333 
334 
335 
336 
337 
338 
339 
349 
341 
382 
383 


WRITE (6,711) 
WRITE (6,713) 
WRITE (6,715) 
WRITE (6,717) 
WRITE (6,716) 
WRITE (6,719) 
WRITE (6, 793) 
WRITE (6,721) 
WRITE (6,723) 
WRITE (6,725) 
WRITE (6,727) 
WRITE (6, 729) 
WRITE (6,731) 
WRITE (6, 732) 
WRITE (6,735) 
WRITE (6,737) 
WRITE (6,739) 
WRITE (6,741) 
WRITE (6,743) 
BRITE (6,745) 
WRITE (6,753) 
WRITE (6,751) 
WRITE (6,753) 
WRITE (6,755) 
WRITE (6,757) 
WRITE (6, 759) 
WRITE (6,76 1) 
WRITE (6,763) 
WRITE (6,765) 
WRITE (6,767) 
WRITE (6,769) 
WRITE (6,771) 
WRITE (€,7723) 
WRITE (6,775) 
WRITS (6,777) 
WRITF (6,779) 
WRITE (6,723) 
WPITE (6, 7A1) 
WRITE (6,783) 
WRITE (6,785) 
WRITE (6,787) 
WRITE (6,799) 
WRITE (6,791) 
WRITS (6,793) 
WRITE (6, 7%3) 
WPITF (6,796) 
WRITE (6,797) 
WRITE (6, 79€) 
WRITE (6,799) 
WRITE (6,703) 
WRITE (6,801) 
WRITE (6,803) 
WRITE (6,905) 
WRITE (6,703) 
WRITE (6,811) 


PF 
RPS 

P 

VT 
AJA 
KVAEFU 


Vv (6) 
V (7) 
RAO 
LCA 
LA 
Las 
VET 
NAAT 
SFA 
NPA 
SIGMAA 
THWAE 


v (2) 
¥ (1) 
¥ (3) 
LA 
LCP 
AJP 
SFF 
THWPE 
NEAT 
IF1 
v12 
XD 
XCP 
XCPP 


V (4) 
RKO 
¥ (5) 
LCK 
LAK 
SIGMAK 


XT 
X1 
X2 


ONGCRT 
LPR 


POL 





344 
345 
346 
347 
348 
349 
350 
351 
352 
353 
35a 
355 
356 
357 
358 
359 
360 
361 
362 
363 
364% 
365 
366 
367 
368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
380 
381 
382 
383 


385 
386 
387 
388 
389 
390 
391 
392 


393 
394 
395 
396 
397 


deal 


701 
7103 


795 
7107 
7¢9 
711 
713 


WRITE (6,913) 
WRITE (6,315) 
WRITE (6,817) 
WRITE (6,819) 
WPITE (6,921) 
WRITE (6,703) 
WRITE (6,831) 
WRITE (6 ,83 3) 
WRITE (€, 435) 
WRITE (6,837) 
WRITE (6,839) 
WRITE (6,70 3) 
WRITE (6,841) 
WRITE (6,843) 
WRITE (6,945) 
WRITE (6,847) 
WRITE (6,849) 
WRITE (6,651) 
WRITE (6,853) 
WRITE (6,793) 
WRITE (6,871) 
WRITF (6,873) 
WRITF (6,675) 
WRITE (6,877) 
WRITE (6,879) 
WRITE (6,880) 
WRITE (6,793) 
BIITE (6, 341) 
WPITZ (6,983) 
WRITE (6,885) 
WRITE (6,887) 
WRITE (6, 889) 
WRITE (6,359 1) 
WRITE (6,890) 
WRITE (6, 892) 
WRITE (6,703) 
WRITE (6,991) 
WRIT? (6,905) 
WPITE (6,907) 
WRITE (6, 703) 
WRITE (6,911) 
WRITE(6, 913) 
WRITE (6,915) 
WRITE (6,917) 
WRITE (6,919) 
WRITE (5,703) 


ASS 
ak 
BA 
Ne 
MS 


BES 
RSO 
RS 
BSMAX 


PA 

PCO RE 
PSH 
WATLOS 
WLOS 
KGLCS 


RCCO 
RCFE 
RCAL 
ROSS 
RCB 


PFSI 
PFCS 
Peo 
PFFC 
PFES 
PFAI 
PPAC 


Cc 
CF 


DNARK 
TMAX 
E 

PR 


WRITE (6,5000) 
PORMAT (141,10X ,40H SUPERCONDUCTING GENERATOR/NOTOR DESIGRH ) 


FORMAT (/72H-- 


FOPMAT{13H *°* 


S25) 
RATING **) 


FORMAT (5X, 468 RATEL POWEP (HE) eccccccccccccccccccccscencsce gl 10.0) 


FORMAT (5X, 468 


FATED POWER (BVA) ccccvcccccccvesccccccscccvccgFl i CeM) 


FORMAT (5X, 4568 POW EP FACTCR elavalelaie ea au sin ale/e oe eleiseevceec ses egt 1063) 


FORMAT (5X, 46H 


MECH ANICAL SFEED (BPH) co ccccvccccccccccccccce gl I0e0) 
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398 
399 
400 
401 
402 
403 
404 
405 
406 
407 
408 
409 
410 
414 
412 
413 
414 
415 
416 
417 
§18 
419 
4 20 
421 
822 
42) 
424 
425 
426 
427 
428 
429 
430 
431 
432 
433 
434 
445 
436 
437 
438 
439 
Q4Cc 
aat 
G42 
4ay 
Qua 
445 
446 
4Q7 
448 
aug 
850 
451 
852 


715 

717 
718 
719 
721 
723 
725 
727 
729 
731 
733 


775 
777 
779 
781 
783 
785 
787 
789 
791 
793 
796 
797 
798 
799 
801 
803 
805 


813 
815 
817 
819 
821 
831 
833 
835 


PORMAT (5X, 46H 
PORNAT (5X, 46K 
PORMAT (5X,46R 
PORSAT(5X,46H 
FORSIPT (15H ** 
PORMAT (5X, 468 
POR SAT (5X, 46H 
PORMAT (5X, 46H 
PORMAT (5X, 46H 
FORMAT (5%, 46H 
PORMNAT (5X ,46H 
FORMAT (5X, 961! 
FORMAT (5X, 46H 
PORMAT (5X ,46H 
PORMAT (5X, 46H 
FORMAT (5X, 46H 
PORMAT (5%, 46K 
FORMAT(29H ** 
PCRMAT (5X, 46H 
PORMAT (5X, 46H 
PORMAT (5X, 46H 
FORMAT (5X, 46H 
PORMAT (5X, 46H 
PORMAT (5X, 461! 
FORMAT (5X, 46H 
FORMAT (5X, 46H 
PORMAT (5X, 46H 
FORMAT (5X, 46H 
FORMAT (5X 46H 
POR4AT (5X, 46H 
PORMAT (5X, 46H 
FORMAT (5X, 4GH 
FORMAT(13N ** 
PORMAT (5°, 46H 
PORMAT (5X,46H 
FORMAT (5X,46H 
FORMAT (5X, 46H 
FORMAT (5X, 46H 
FORMAT (5X, 46H 
FORMAT (161 ** 
PORMAT (5X,46H 
FORMAT (5X ,46H 
PORMAT (5X, 46H 
FCRMAT(24H ** 
FORMAT (5%, 46H 
FORMAT(5X, 46H 
PORM®T(13H ** 
PCPYAT (5X, 46H 
PORAAT(5Y, 46H 
POTMAT (5X, 46H 
FORMIT (5X,46H 
FORMAT (5X, 46H 
PORMAT (26H ** 
FORSBAT (5X,46H 
FORMAT (5X, 46H 


TERMINAL VOLTAGE (V) ccccccccveseseccccesccccesg F10.0) 
ARMATURE CURRENT (A) evcccvccccssccvescscccvecgE IQ) 
PER UNIT POWER RATING (P.Us) cccecccvesccvcns ogF 10.2) 
ARMATUPE **) 

ARMATURE THICKNESS (NM) ecccccvcccccccccccccccs gk IC. 4K) 
ARMATURE TC CCRE GAP (9B) cccccccccccscvccsecvcgl 10.4) 
ARMATOPE OUTER RADIUS (MN) cccccccvcssccecceccegF 10.4) 
AVER ALL ARBATURE LENGTH (M) ecccccccccccccccegl 10.4) 
ACTIVF ARMATURE LENGTH (NS) ecccescccccccscccceeg Fl I0.4) 
STRAIGHT SECTICN LENGTIE (NM) eoccccscccvesccveeg Fh 10.4) 
VOLT PFR TUFN (RMS) eccccccveccesccvcvveces ccegl We 5) 
ARMATURE AMPERE-TORNS (RES/PHASE) ccccccccc cee g E10.4) 
ARMATURE WINDING SPACE PACTCR coccccccescecveg PIO, 4) 
NO. OF ARSATURE PHASES coc cccccccccccccccccce gl 10.4) 
ARMATURE CONDUCTIVITY (S,/&) 
ARMATURE ADGLE (RAD) 
FIELD WINDING **) 
FIELI THICKNESS (®) eocccccscccescccccencccceg Fl We 4) 
FIELD INNER RADIUS (M)ccccescecsccccccccccsee p P1004) 
FIFLC TO DAMPER GAP ({M) ev eccccceccescccvcccvcge We Gj 
ACTIVE AACHINE LENGTH (8M) 
OVERALL FIELD LENGTH (BN) cocccrvcvcccvcccccceg Fl 10.4) 
FIELC CURREKT DENSITY (A/sN** 2) coccccescccce ec gh I0.8) 
FIELD WINDING SPACE PACTOR wecovcccccceace ves gl 10.4) 
FIELD ELECTRICAL WINTING ANGLE (RAD) ecocscveegPI10.4) 
FIFLD AMPERE-TUYURNS (A-T) eoetececetreereeoeoveceorveosn 2£1C.4) 
MAX PER UNIT PIELE CORRERT (P.Uec) coccecnce cvegl 1062) 
MAXIMUS FIELD (TESLA) 
SYNCHRONCUS REACTARCE wececcecccscvccccccvccegl 10.4) 
SUPETRANSIENT REACTANCE woe cccccccscccccncn coe gl 10-4) 
DAMPER **) 

CAMPFR THICKNESS (SN) coccsccccccvccscsccsccceg Fl I0.4) 
DAMPER OUTER RADIUS (N) ceccccccceccccecceses P1004) 
CAMPER TO ARMATURE GAP (M) 
CVERALL CAMPER LENGTH (N) 
ARMATURE COUPLING LENGTH 
CAPPFR CCNCDUCTIVITY 
STABILITY **) 
REACTIANCE UNFAULTED CINE wecccescccvccccvscvogh 10.4) 
READTANCE PAULTED LINE Cecccccccevccccecvecccgs We h) 
NATURAL PRECUENCY **) 
ROTOR CRITICAL SPEEC (RPM) 
BEARING SFAN (5) 
KEIGHT **) 
STAINLESS STEEL SUPPORT (KG) 
SHIELD WINDING (KG) 
AQPATURE (KG) Corr ccccccccccccccccccccccccevcg® 10.4) 
PINDING MATERIAL (KG) 
STATCR CCRE (KG) Ce ccccc cece ccccccccccccce ces gl IO. 4) 
PFERONAGNETIC SHIELD **) 

FLUX AT SHIELE RADIUS (TESLA) 
SHIELD OOTER RADIUS (M) 


ecccnccccceccccce gEI0.4) 


Cec ecccveccsccccccccscccgl We4) 


ecccnccvcccccceccvegr I0e4) 


eoccccccccccccccccccccc gs 10.0) 


eoccscccccccccccceyg F10.4) 
Giatmieicisiciceeie see ss eeege Osu) 
(Mm) 


occ ccccesccccccccccce ce eg EVOe4) 


eee cocccccccccceg Fl 104 4) 


aialelsieisee e's «a eo sseetgt 10. 1) 


eocccccccccccccccccccccce cco gF Id) 


eeesocscecccecce gh 10,4) 


Concccccccnccccesccccccceg le We fj 


@eeeoeoeoeoees eoccccccvcccceg hl IO. 4) 


evosesevcccesee ght 0.8) 


eccccccccccc cece cccs cogs 10.4) 
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453 
Q54 
855 
956 
457 
458 
459 
860 
461 
462 
463 
464 
465 
866 
467 
468 
869 
47¢ 
474 
472 
473 
474 
475 
476 
477 
a78 
479 
480 
481 
482 
HAZ 
484 
485 
986 


837 
839 
84a 
esj 
885 
84a7 
849 
A51 
953 
871 
A73 
875 
877 
879 
880 
881 
883 
885 
887 
ARS 
891 
A90 
A92 
901 
905 
907 
911 
913 
915 
917 
919 
5000 
100 


FORMAT(SXK,46H 
PORMAT (5X, 46H 
FORNAT (13H ¢* 
FORMAT (5X, 46H 
PORMAT (5X, 46H 
POQYAT (5X, 46H 
FORMAT (5X ,46H 
FORMAT (5X ,46H 
FORMAT (5X, 936A 
FORMAT (16H ** 
PORMAT (5X, 46R 
PORMAT (5X, 46H 
FORMAT (5%, 46R 
FORMAT (5X, 46H 
PORMAT (5X,46H 
FORMAT(24H #* 
PORMAT (5X, 46H 
FORMAT (5X 46H 
FORMAT (5X,46H 
FORMAT (5X, 46H 
FORMAT (5X, 46H 
FORMAT (5X, 46H 
FORMAT (5X, 46H 
PORMAT (11H *# 
FORMAT (5X,46H 
FORMAT (5X, 46H 
FORMAT(25H ** 
FOPMAT (5X,46H 
FORMAT (5X, 46H 
FORMAT (5X, 46H 
FORMAT (5X,46H8 
FORMAT (*1°) 
RETURK 

ERC 


SHIELD INNER RADIOS () ecccccccccccccoccccne gh IOe4) 
PAX. SUIELD PLUX CENSITY (TESLA) cece cecccvee oP I0.4) 
LOSSES **) 

ARMATORE LOSSES (WATTS) ecccccccccesccscccoce gb teh) 
STATOR CORE LOSSFS (WATTS) ceocccvevccccscccve gFI0.4) 
NEGATIVE SEQUFNCF LOSSES (WATTS) ccccccececceg E1004) 
TOTAL LCSSES (WATTS) SOSH, cecccccccccccccccceg Ei Ued) 
COST OF LOSSES (KG/WATT LOST) 
TOTAL COST CP LCSSES (KG) 
CENSITIES **) 
COPPER (KG/#**3) 
I20N (KG s8** 3) Occ eoensecccscccrsccsevccse coe gr i Ue4) 
ALUMINUM (KG/U%**3) coo ccccccccecccccccececcceg F 1064) 
STAINLESS STEEL (KG/M** 3) 
FINDING MATERIAL (KG/"*#3) 
FENALTY FUNCTIONS **) 

SU AFT STRESS Corer esccscceccccsvccccccccccecogs 10, 4) 
SHAFT CRITICAL SPEED cecccccccsesccscccscescogl 10e4) 
SHIETD PLUX LIMIT cccccccccvescscccsccescccsegs 100 4) 
FIELE CURREST LIFIT 
CAMPEP STRESS wales G Wie 6 eave ure ore Wiles 06 666 Wcities vig tl Us 4) 
ARMATURE INSULATION THICKNESS ceoccccsccccccceg? 10.4) 
ARMATURE DIAMETER CoccccscccccescceccsccccccegEe i Ged) 
COST #*) 

COST FUNCTION ealsiaie uss elaleleleaialuina au ele ei saleteleaele py Etc d) 
PENALIZED ccstT FUAKCTICNH eo cncccccccccecccccce gh We 8) 
MATERIAL CONSTANTS *#) 

MAX SHEAR STRESS IN DAMPER MATERIAL weseccceghI0. 4) 
MAX SHEAE STRESS IN TORQUE TOBE MATERIAL 20eeeE10.4) 
YOUNG'S SODULUS ecesesoccccccecccccccecceccoeeg hte 4) 
FOISSON'S RATIO 


co ccccescccccceg? 10. 4) 


Coccesccccccescccce get Ued) 


eoccccccccccccscccccccecscccgse 104) 


aiclalelaialeluielaln aise eis eclelien Wet) 


@eeves ecosccccccccog tl 10.4) 


Se beee Seon scecvecccosvonecgr salle 4) 


ee@e¢06¢0666¢066608600 ecccccvecccceg? 10.4) 
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487 FUNCTION CM(P,X,W) 
C*¥*** CALC GEOMETRIC COEF. CM ***# 
488 IF (P-2.0)1000,1100,1000 
489 1100 CM=0.125*(-ALOG10(X )+0.03125* (1.0-X*X)*We*4) 
490 GO TC 1111 
491 1000 AA=2.C-P 


492 BB=2.0+P 
493 CC=2.0%P 
hol CM=((1.0-X##*AA)+ (AA/BB)* (1.0-X** BB)* (W**CC) ) 


1/(P¥ (4,0-P**2) ) 
495 1111 RETURN 


496 END 
497 FUNCTION CS(P,X,W) 

C*##** CALC GEOMETRIC COEF. CS **** 
498 IF (-2.0) 1000,1100,1000 


499 «©1100 CS=( (X**4* (ALOG10(X) ))/20.0)+((1.0-X**4/8.0) 
1+ ((((1.0-X¥*4)** 2) /16.0)*We*4) 


500 GO TO 1111 

501 1000 AA=2.0-P 

502 BB=2.0+P 

503 CC=2.0*P 

504 CS=((AA-(4. O*X** BB)+ (BBY X**4)+(2,0*AA/BB* 


(2 
Be rca On hwaecoss (ore beep) 
505 1111 RETURN 
506 END 
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APPENDIX B 


| Output of 20,000 Horsepower Generator Optimization 
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SUPERCONDUCTING GENERATOR/MCTOR DESIGN 


eM RATING *# 


RATED POWER 


(HP) ccc cc cc ceca cece ce eeeessesee 


20107. 


RATED POWER NAW Ailveice ee se 616s aco a6 a a elaine s Gere cree 15. 
PCWER FACTCR eeeseeeceeeecee ep eece eee eee eee eeen one oe 8 1..)¢0 
MECHANICAL SPEED (RPM) wccccnccccecncccescsece 36D. 


AUMBER DF POLE PAIRS eeoepoeeeoee oe eee e Bee en ee eee 
TERMINAL VOLTAGE 
ARMATURE CYRRENT 
PER UNIT POWER RATING 


(Vinwscecuecesesetscenesceuced 


(Pel eccccvcccscccccses 


*® ARMATURE == 


ARMATURE THICKNESS IM) ecesnecccccencccccececes 


1. 
1. 


(Alec we 6p ee cisiees eecces se gee eUet scour C7 


1.00 


0.9957 


ARMATURE TC CORE CAP (Ml eccccsccceccscsnesesce 0.3272 
ARMATURE CUTER RACTUS [Mb aececcccccccccsncces C.30G58 
AVER ALL AIMATURE LENGTH CM) ccccrcccccsccsces 1.0476 
ACTIVE ARMATURE LENGTH (Ml eececscernesesssesece C,6846 
STRAIGHT SECTION LENGTH (Mbacccccccccccccenes 0.5745 
VOLT PER TURAN (RMS) cecccccccceseccecesesceese 45.43466 


ARMATURE AMO ERE-TURNS (IRMS/PHASE) ccc csccccee eG eA ILSBFE C5 
ARMATURE WINOUNG SPACE FACTOR 0.300 
NC. JF ARMATURE PRKASES ZeAIJAN 


ARMATURE CCNDUCTIVITY (S/P) e#eees8e sees eeeseeesDeCOuue ut 
ARMATURE ANGLE (RAD) ese eee aeeceaeceeacee Ree eaeae ca 8 1.-047D 
9@ FIELD WINDING 
’ FIEcLO THICKNESS () eeeeeceeeeceadaeaeoeee eo eeaee ee e880 Ce0269 
FICLD INNE? RAND(US (Ml) eee ene cesensecnessesene 9.0°72 
FIELD TO DAMPER GAP (mM) @#eseoeeeseeeeeeeneee ee 8086 0.0225 
ACTIVE MACHINE LENGTH (mM) esee see ececeaeeeseeee 88 ee@ C.6546 
CVCRALL FIELE LENCTH (M) @#eeseeeueceeeseeceeeeaue eeee D.e9059 


FIELD 
FIELO 


CURRENT DENSUTY CA/P**2) 
WONCING SPACE FACTOR eeccceceecvcvcecee D.50C0 
FIELD ELECTRICAL WINDING ANGLE (RAD) cocccece 24094) 
FIELD AMPERE-TUSNS (A-T) esecsedcccecsececse ec De SSI9GE u6 
MAX PER UNCUT FYELC CURRENT (Peel ecccccvccces 1.10 


ee weusceeeenceQe 15 715E C9 


PAX T MUS FIFLC (TESLA) eee eoneceeceaceoeceoseeoeneseden eee 4, 
SYNCHRONOUS REACT ANCE eeeneese eee eee see eaeeeaeee 1.380 
JRANSIENT REACTANCE e@eseee eevee eeeeeeeeee 88a 1.145 


SUSTRANSUTENT REAC TANCE 1.2017 


eeee ean aeoe ee28ene 8888888 
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S@ CAMPER #*% 
DAMPER THICKNESS (mM) @®eeeseCeoeeeeeeecee oe e@eeeee 
DAMPER OUTER RADIUS (™) @eee@ee@e@eeesseeeoceocea sceoeee 6e@ 
CAMPER To ARFATURCE GAD? (mM) @eeeeeoeeeseeeeseees 
CVERALL DAMPER LENSTH (M} @®eseuae@oeoeoeoceasee@soeeeeeese 
ARMATURE CCUPLING LENGTH (Mm) @eeeeeoeeoe eeeaee es 
DAMPER CONDUCTIVITY eocacccccccceccoseocccccce le Z000F 08 


S20 2S 2 wet ewe we @ eB ee Bee ee! ewe SO SO eS SO oO se SO Se Se Se Be eee Ss See eo eee eS eS 


es STARILITY #4 


1.0448 
CelIL4 
0.922 

1.0226 
0.9119 


Se Ses ew et SSP oe ee SS eS 


TRANSFORMER REACTANCE @eeeeeeeeeeoeeeeeseeeoeeee C.1600 
REACTANCE UNF AULTED LINE eeeeoeeeoereeoseecesoce O.1000 
READTANCE FAULTED LENE @eeecepeeeeeeeooeseonees 0.1309 
@8 NATURAL FREQUENCY &* 
RCTOR CRITICAL SPEED (RPM) @eeeeeceeceeoce oeeeeo#ee es 5R6.3 
BEARING SPAN {mM} @eeee@eCeaoeescea#eseceesce@#ecoespaeae see eseen 1.5226 
ee WEICHT ** 
STAINLESS STEEL SUPPORT (KG) covccccrccccccece 68.69CC 
SHIELO WINDIAG {KG} @eoeoseeeeeeceereesceeeecoceees 126.4667 
ARMATURE {KG) @eeeeceeoeoeocgee@a@e soe ceseesce~sce~escpece eee 456.5620 
BINDING MATERTAL (KG) @eeseeeaeeaeaeseeeeece~szpeeeeszesd 0.0017 
STATOR CORE (KG) @eeeeeeaoeaeaeeceoeeoeceaeceeoeeeecesceoecaee es 252326339 
@8 FERCMASNETIC SFIELD ** 
FLUX AT SPIELD RACTUS (TESLA) cocccccccceccce 9.636] 
SHIELD OUTER RADIUS {mM} eeeeoeeeeoereeeeseserses 0.4595 
SHIELD INNER RADIUS (FM) cecccscscccccccccccece 0.3370 
: MAX. SHIELD FLUX CENSITY (TESLA) eeeceoveececece 1.7500 


*@ LOSSES ## 


ARMATURE LOSSES CHATTS) cocccccccveccccccccee Ie IIIE Ch 


STATOR CORE LOSSES (WATTS) coccccceccceccecece 
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NEGATIVE SEQLENCE LOSSES (WATTS) cccccccce se ete SSOIE 93 
TCTAL LOSSES (WATTS) WERE, gece cccrccsececsesee de LIS6E 06 
CEs) OF LESSES (KG/WATT LEST) ceccccccccceses 0.9268 
TCTAL cost OF LOSSES (KG) eocccececccccccec eee SLIDE 04 


e* OENSITIES **# 

a CCPVER (KG/MFE3) aeccccesvccrvccccccccccscccs SR09N.9009 
MAGN UKG/MSS3) ccc cec ce stc ccc een ecevessccsee 19706300) 
ALUMINUM (KS/M** 3 ) e666 4 66166 0060 406 6 6 ees c ese) CO00.000) 
SIA UNEESS STEEL (KG/MS€3) secs scececccsswce se 8209.9309 
BINDING MATCRIAL (KG/M**3) eocccccccccccccces 1800.000) 


@@ PENALTY FUNCTICNS ** 


ShAFT STRESS © 6s 00o 000 000csss6s0 sce se ee vec cee 1.0924 
~ SHAFT CRITICAL SPEED Coeoeeeereeneeeeeereececeeooe 0.9344 

SHIELD FLUX CIMT cccsccccccsccacececensrccesces 0.907) 

FIELD CURRENT LIMIT cecccccccccccccseccccases 2.9051 

OAMPER STRESS @eeceeeeecevoeeereeveesresresesesecs 0.9060 

ARMATURE INSULATICH THICKNESS ceecccscccvccese 0.9152 

ARPATURE DIAMETER ccccccccccccccccccecccccces 0.9910 
e@ CCST =** 


cCst FUNCTION Galesulele siete o:6'6.016 6 0'b 6s 66 6.6.06 ee cee Qe slo’ 34 
PENALIZED COST FUNCTION cocceecccccccecccccscOol (94E 04 


| t 


See SSOP B88 S28 SF FB SF SF FS SF SBF SF FF SF SF SF SBF SF SF 8 SF SFP FF O88 OCH FTF S28 ST 8S Ss = oe oe ew oe oe Se © Se SO ee SP ee a a a ae 


@@ MATERIAL CONSTANTS ** 
MAX SHEAR STRESS IN DAMPER MATERIAL coccseeeDe 2490E 29 
WAX SHEAR STRESS IN TGROQUE TUBE MATERIAL «ee e0 45D0E C9 
YOUNG®S MOOULUS Cocecccccccccccccecccccccscces Ve L000E 12 
PCISSON'S RATIN eeeoeoeoevoese oe eeoeaseeoeeoeeoaeveeoeeoeed 0.3070 
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APPENDIX C 


Output of 40,000 Horsepower Motor Optimization 
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SUPERCCNOUCTING GENERATOR/MOTOR DESIGN 


SE[EQe @ eG 2 2 2 28 Se S&S S228 68S OS SSS SSS SS SF OSs ett ess SSS SSCS CB SB Bee SOO 2S OSS SSO SSS S222 2 
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ee RATING ** 
RATED POWER WHE De ae'ee:c wie cles-6 6 6 sles esiele ee wkleale s 40214. 
RATEO POWER IMVA) coccnvnccccevecececccccceceee 30. 
POWER FACTOR cocvcccvvcccccececccccecescecees 1.9¢0 
PECHANICAL SPEEO (RPM) ceccccvccevcceccececeee 20Cc. 
ALMBEcR OF POLE PAIRS CCCCCHCHE OSC ECHHE ECO HR SSSR eSEREEE 3. 
TERMINAL VOL TASE (Vive cccccccccsececcesceccees l. 
ARMATURE CURRENT (Aleccccccecevescvevvcvcceen de SIONE OF 
PER UNIT POWER RATING (PeUclecccccevecccecsces 1.00 
@% ARMATURE ** 
aq ARMATURE THICKNESS UMP ecccccecccccececccccees 0.1739 
ARMATURE TC CORE GAP (Md cece cevevcccccccccces 0.0309 
ARMATURE OLTER RACIUS UMb eeccecvvreverecesecce 0.7292 
AVER ALL ARMATURE LENGTH (Mle cccvccccveesvees 1.7877 
ACTIVE ARPATURT LENGTH UM icles bis s elelete wieléin ele e 6-6 1.90985 
STRAIGHT STCTIIN LENSTH (Mb ce cee cc nc ce eccece 1.3596 
VCLT PER TURN CRMSdecccccccccccccecccerececer 19.49800 
ARMATURE AMPERE=TURNS (RMS /SPHASE) cece ccenceeeUe GIIZE C6 
ARPATURE WINDING SPACES FACTOR ccoccceccccccces 97.30C0 
NC. UF ARMATLRL PRASES coc ccvevecceecceceeece 3.9200 
ARMATURE CONOUCTIVITY (S/M) eocccccccecccceees Oe HOONE O88 
ARMATURE ANGLE (RAD) eeeeeeeoeo eee eeoveeeeonnece 1.90470 
@8 FIELO WINDING ** 
FIELO THICKNESS (©) cwecnccecenccccccccecccees 0.0310 
FIELO INNER RADTUS (Md eee cccceececccececeneee 0.4315 
FIELD TO DAMPER GAP IM) cocccnseveesaeseceeses 0.9225 
ACTIVE MACHINE LENGTH (mM) #eeseegosvseoG¢oses@seG¢GeeoeGeoetvse 165085 
CVERALL FIELG LENGTH UM) ceocvcccccrvecveccccver 1.8065 
FIELO CURRENT DFISITY (A/Mee?) coccccccccc ees Ool432E 09 
FIELO WINCING SPACE FACTOR @#eeeoeevoe¢eeeeee82 €Ge8 0.5.50 
FIELO ELECTRICAL wWItiDING ANGLE (RAD) cocccees 229949 
FIELD AMPERE-TURNS (A-T) eee eacecscecesceeveeO e415 2E 07 
MAX PER UNIT FIELT CURRENT [P.Ucedwceccecvccee 1.14 
PAXIMUM FIELS (TESLA) evoeeeoeeveeseeoeeeveenseonnvnns 4. 
SYNCHRONOUS REACTANCE coccevcvccccccccececces 1.0049 
-TRANSTENT ZEACTANCE coccccccceevececcccceceee 0.8668 
SUBTRANSIENT REACTANCE CCHHCCHE HSH OSES HE SEC EEE EE 0.8643 





@@ DAPPER ee 


CAPPER THICKNESS (mM) P@eestseeeoeaovsseess se e28epetsaens see 0.0449 
CAMPER DUTER RADIUS [M) caccennnvvecevvvccens 0.5298 
CANPER TO ARMATUSE GAP (4) esseeatdsesesaosse B@aeeaeaeee 0.0255 
CVERALL DAMPER LENGTH (M) cocnccrvcvevccevvece 1.8468 
ARMATURE CCUPLING LENGTH (4) @s;sds 8389839393999 938880 1 26978 


CAMPER CONDUCTIVITY eo eceeeeeee eee cesese cece ee dec JICOE 08 


@@ STABILITY ** 


TRANSFORMER REACT ANCE ses soecpeseaesussss 33 Bete 8e8302838 0.10C0 

REACTANCE UNFAULTED LINE estes see eeeese 38398 9.1909 

READTANCE FAULTEO LINE esses esaesese eee esp eae es 0.1900 
*@ NATURAL FREQUENCY ©# 

RCTOR CRITICAL SPEED ERPM) sev nevavvnccveccve 1905.9 

BEARING SPAN (™) esses deess 8338028383389 2B eR eaenesseens 223468 


8 WEIGHT #* 


STAINLESS STEEL SUPPORT (KG) covcvccccvevveve 2036.2830 


SHIELO WINDING (KG) eessesvsesseepoeens ese e 988898908 687.1162 
ARMATURE (XG) ese esses se28 e828 e 8888 ete taeas seas adse 3311.53950 
BINDING MATERTAL (KG) eseeaeoseoevu ene s2828288280299898 0.0132 
STATOR CoRe (KS) eessseesese88898880888989889838988989 88 7399.2100 
@@ FERC’AGNETIC SHIELD ** 
FLUX AT SHIELD RACIUS (TESLA) conve ccrevevece 0.7367 
SHIELO OUTER RADCUS (M) se@sessespeaeatsaeaassaeaeaaenuendea 0.8667 
SHIELO INNER RADIUS tM) Ses eens eeseseeeaee 88ee8e 0.76C1 
/ —~ - MAX. SHIELD FLUX DENSITY (TESLA) soccceecvece 1.750C 
| 
ie SCOSSE BSB SS SSS SSCS SSOSS SSS CSTs es eF eS S88 S828 Ce oe eee eweeereeee steerer ee aes ee eceweewee woe e & 


} *@ LOSSES © 
t ARMATURE LOSSES (WATTS) eis giale/ ava ee, eels e'e's ae aie ella 8535C C6 
71 STATOR CORE LOSSES (WATTS) e#seesse oes 88e2838399838 2428.802C 
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—r ee ne ne 
. —— = . = 
amen 


NEGATIVE SEQUENCE LOSSES [WATTS) eocccccseese Qi LLITE 04 
TCTAL LOSSES IWATTS) *8Om,,ccccccccevcccsceee de ASTLE 06 
CCST CF LOSSES IKG/WATT LCST) coccccccccvceces 0.0156 
TOTAL COST OF LOSSES [KG) eocccscceseeccevceeGe LISTE C5 


Oe SS SS SS SSS SSF Se SS SSS SSS S22 2S SSS S88 S222 S28 S22 SS SSS SS 8 SSS eS S82 ee eae ae ea = = 


_ *® DENSITIES ## 
CCOPER (KG/¥*#}3) S@eeeeueeconoeeveeoeoeeeeneoeeeeeeeoeene 889uU.9CCO0 
IRON (KG/¥&* 3) @eenpeoeonueenesneeneu neue ecaoeeaeveenneveee 7500.09C0 
ALUMINUM [KG/M&#}3) eeeneceoneoeoeoevoeoeceoee sO ean eanesea 2600 .09°00 
STAINLESS STEEL [KG/M**3) weccccccccesrecvevee GIT. O0 
BINDING MATERIAL [KG/M **}3 ) eetepeoeneceoseeeeeeeeeee 1800.00CO 


| @@ PENALTY FUNCTIGNS ** 


SHAFT STRESS eeeeoeoseoeeoneeeceoeeevoeeoneaneveeeeee 8880 1.u000 
SHAFT CRITICAL SPEF5 @®@seeeseeeoenonaeeeseepaspoeeaeseeeeecea 0.9010 
SHIELD FLUX oT Milnes e bele 6 sole 66 oe 606.600 6b cee se 9.9000 
FICLO CURRENT LIMIT S@eesaeeecaeeeeoeoeeceaeaeeeoee een 0.9008 
CAMPER STRESS @eeeeesoseeeseecaseeoeeseaeaeeeaneaeaeeeaocden 8@eea e 0.9vV00 
ARMATURE INSULATION THICKNESS ceoccccccccccces 0.9026 
ARMATURE GCIAMETER cese cceeecctocccescseerscecs 0.9001 
ee CCST **# 


COST FUNCTION coc ccecencscvenensscsccecosecesOel SIE 05 
PENALIZED COST FUACTIGN conccccevccenncvcccee te I LS4SE 04 


*@ MATERTAL CONSTANTS ** 
PAX SHEAR STRESS IN GAMPER MATERTAL secvnneed pe 240CE CF 
MAX SHEAR STRESS IN TOPQUE TUBE MATERIAL ceee0e4500EF 09 
YEUNG'S MGOULUS Ccccccccccccccceccccen ce cccccete se JUOE 12 
‘ PCISSON*S RATIO eoeoeceeoeeeeoeee eee aneeeeeeeeees 0.33C0 


| 
| 
: 
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APPENDIX D 


Output of 30,000 Horsepower Motor Optimization 
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SUPERCONDUCTING GEWERATOR/NOTOR DESIGN 


*® RATING @ 


RATED POWER (IIB) own cece os ac ener eens eeeeseces 30161. 
RATEC POWTR CAVA) wine sb 0n ss 44 015 6 wise 6 ue cleelee sale 23% 
POWcCe PACTO® e@eaeesessesvsvsasvsasvssesvsassvpeveavessseaeeseseeveoeseeaeeaeaes @ 1.000 
BEGCHANICGAL SPEED (REM). s:0% o oe ove wo o.0's 0's eles eis ere 200. 
WNUMP@ER OF POLE PAIRS saesesepeoeoeeoepee eee eteoasneeee 08 8 3. 
TERSINAL VOLTAGE (V) enw en cecc ccc cccececenecsce 1. 
ARRATURE CORRENT URjicicis's csc o) vise sinus one ae e vies si 65 DUCE 07 
PER UNIT POWER SATING (PiU. )eccsccccceccccuce 1.¢€0 


*@ ARMATURE ** 


APNATURE THICKNESS [jes ce cic css ass cscs cis wce 0.1772 
ARNATUIRE TO CORE GAD (M) <cics ccs cecceccseesces 0.0313 
ARMATURE OUTZR RADIUS (M)ovcccccccvccccccccces 0.6998 
AVERVALL ARMATURE LENGTH (8) cc cccwecccccccccs 1.4645 
RETEVE ARSATURE LENG TA (MN) cc ccecccccscscccece 1.1942 
STRAIGHT SECTICN LENGTH (M)ssccccececccsscccs 1.0570 


VOLT PER TURK (RMS) wocencevcvcveccececccsceee t5,44257 
ARMATURE AMPERE-TUPNS (RMS/SPHASE) eecccccseee eG SS6GE 06 


ASMATTRE WINDING SPACE FACTOR cacccevcvvccccce 0.3000 
WO. OF ARMATURE PHASFS *#eseaseaspeaeeeveo eee eet eaea eae e288 3.0000 
ARMATURE CONDUCTIVITY (S/M) soccceccevceceeee Qe HQ00E 08 
ae ARMATURE ANGLE {RAD) see ep eo eaeeaeeeene een eeenee 8 8 1.0870 


e@ FIELD WINDING ** 


PIFLD THICKNESS (M) eeeeeeeeeeeneeeee ease eeenee 0.0371 
FIELD INNEP RS ALIUS (SM) weve nennennsnnnennsnccece 0.3929 
PIELD TO CAMPEF GAP (4) se ese @eoesvseeseeaeeeseaoeeseeoeeodss 0.0225 
ACTIVE SACHINE LENGTH (M) wen vnccvnvvccevaccence 1.4942 
OVERALL FIELD LENGTH (3) ese evenness eeee ee een 1.4685 
2 PIFLD CURRENT CENSITY (A/M**2) wove vvvvceeceDe SHIGE 09 
FIELD WINDING SFACE PACTCR woavncvvvvvveveensces 0.5000 
PIELD ELECTRICAL WINDING ANGLE (RAD) eovcccee 2.0940 
PIELD APPERE-TORNS {A~T) cocceccccecceccccce 002 S5E5E C7 
MAX PF? UNIT FIELD CURRENT (Paols.) wecevevvacne 1.71 
MAXIMUM PIELD (TESLA) eaeveee et eeteoneneee ne Coes ® u. 
= SYRCHRONOUS REACTANCE accvve cevnseavvesvsesvee 0.9793 
TP ANSIENT REACTANCE wovvvvvnvvveseecsesensccene 0.8719 
SUBTRANSIENT REACTANCE eeeteet een ene ea ee eee een oe Q. 8607 
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$¢ DANPER ** 


DAMPRP TAICKNESES (8) cocccccvcvecvccvcccccvecce 0.0449 
DASPER OUTER RADIUS (M) eeoeoeceeeeotosoenseeeeeene 0.4974 
DARPER TO ARMATURE GAP (BP) cocccccscecveccces 0.0253 
OVERALL DANPER LFENGTU (4) @oeveeesvneeeeeeeeee 425198 
ARNATORE COUPLING LENGTH (MB) wecvccvveccceecs 1.3736 


DARBPER CONDUCTIVITY pug Are 6 .NN.E.o oe 6 Sls bees cele UeeUUGe 08 


ae'ee eee SOE eG eT eOuweeewwoewreeese eGo wow es @eoe eg eeuweaea® 


@® STABILITY ** 
TRANSPORMER REACTANCE ®9eseeGeet#oeseseeeveeeesseeteeee0en 8 6. 1000 
PPACTANCE ONFAULTED LIWE eeeseoeseeseeseneseeseesee2028e #80 0. 1000 
READTANCE FAULTED LI KB ®9esnovsvoseeoeesoseeoeseeoeseeeseeeeee 8 0.1000 
*®* NATUPAL FREQUENCY ** 
ROTOR CRITICAL SPEED {RPM) ccccccccececcceves 2248.2 
SPR TEGESEAM. CE )eee sas bo 5050s 6 cece cesececess 2.0108 


** WEIGHT ¢# 
STAINLESS STEEL SUPPCRT (KG) cweoccccvveveeceee 148262270 
SHIELB WINDING (KG) eeeeeoeo etoeeeeoeeoeoeoeeeoeee ee 8 § 26. 3306 
APXITURE {KG) @eeeoeoseoeeseeeeveeeveetoeeeveeeeeosvueoe eed Ge 2630.2230 
BINDING MATERTAL (KG) coccccccccvcccvcccccens 0.0099 
ST ATOR CORE (KG) @eseeeoesve eceevvsvseveeec@eeaevpeeseeoesveee od 8 5587.0660 


*@ FEROPAGNETIC SHIELD ** 


FLUX AT SHIELD PADIUS (TESLA) cecvccccccevvecs 0.7428 
SHI2ZLD ONTTER RADIUS (MN) ecccccvcvccvcccccccese 0.8345 
SHIELD INNER RADIUS {M) eeseeesvseeeeveeevet#oonoeeeeeo e428 0.7310 
MAX. SHIELD PLUX DENSITY {TESLA) e@eeeeoeee0e08086 1 - 7500 


*® LOSSES ** 
ARMATUPE LOSSES (WATTS) coccveccvecccccrecen eG eG IIE 06 
STATOR CORE LOSSES (WATTS) e@*#eeseeseoeoeeeoeeoteeeeoeeoe eos 1893.3330 
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WEGATIVE SEQUENCE LOSSES (WATTS) swecccceseeesD  BBIZE 03 
TOTAL LOSSES (WAITS) P8**, . cece ccrcsnvcvvec cee Oe BBOTE 96 
COST OP LOSSES (KG/WATT LOST) coc ceccvesvccece 0.0150 
TOTAL COST OF LOSSES (KG) weccescvvcessvcvees Qe IDZIE O05 


See @eeeeeer e288 SSBB BOSSE SSE BF BF 8 BFF e#8 Bese BEB SF FFF 8 Sees BesFB 88 SF Fs ess ees oe 8a & -=—=- 


®@ DENSITIES *¢ 
COPPEP (KG/M®*9) coc ccccceccvecccecvccceceses BBCC.0000 
IRCN (XKG/8* ¢ 3} eseeeecoeoseseeeoeseeeeesceeseoeeseseeoeseee0o Ce 7500.0009 
ALUMINUA (XG/49¢*3) eeeesoe@oeosnee@eeeeeeeeeseeeseeod 26€0.0CCO 
STAIWLESS STEZL (KG /4*¥*3) eeeeoeeoeseeoeoeeeeece08s8 6000.0000 
a BINDING MATERIAL (KG/B**39) . ccecccccvcerveese 1800.0000 


Sere eeaenr SO #8 SB SEB HB OOO Fe FTE STS TET HSEB FTFH SSB SETSTSSTH SBF BS ews 88 SF BPs fF st FF SBF ssw— Fee ZTE EEE OBS = = 


_ 8 PENALTY PUNCTICNS ** 


SHAPT STRESS @eeoeecoeseveseosveeeevpeoeeeeseeveeeeveenue2 e208 8 @ 1.0000 
SHAFT CRITICAL SPEED ®eeseeoeecoeeae Ocoee eeeeesosn dé 0.9010 
SHIFLD FLUX LIN Te ccc cece cetheececececsecees 6 0.9000 
FIELD CURRENT II KIT eseeeeeveese oeeoeseeseeseeoeeouee8 0. 9071 
CASPEP STRESS e@eeeovoevoeee@evosvseeeeeeseseceovoeveee e068 © 0.9000 
APMATURE INSULATION THICKNESS wooccvcveccesese 9.9030 
ARMATURE DIAMETER @eeseovoeseovoesvevseeeea een eevee eee eon 0.9001 
ee COST #¢ 
Cost PUNCTION Selsees eee0 06606066 6 6 6 ens cons cee Os ICZIE 05 
PENALIZED cost FUNCTION @eeesesvovsveeveveevesee@e0 07886 -0.5503E 04 


*@ MATERIAL CONSTANTS *° 
FAX SH°AB STRESS IN CAMPER SATERIAL woooeeee De 2490E 09 
BAX SHEAR STRESS IN TORQUE TUBE SATERIAL ..-.C.4500E 09 
YOUNGSS SODULUE Cee eeecceweevewese <6 een eeeeee Us 2O00E 12 
POISSON'S RATIC eseoeeecuouveseeseseseveeeseeeseaeeeoonne 0.3000 


See @SeBaeaet 822 eee eae & ee @erewreese eee e eens ee eeawtoeaeetrwtoewew S88 SET EET H SESE SEB TFT EB SEE FT B22 mseeereeea 2 & 
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APPENDIX E 


Definition of Input and Search Variables 
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Input Variables 
These variables are arranged in alphabetical order 


by their names as used in the computer progran. 


SYMBOL UNITS DEFINITION 

AJA Armature current density 

BS MAX T Maximum flux density in iron 
shield 

DMAX N/Me Maximum shear stress in 
damper material 

DV A vector of initial stepsizes. 


Units and variables corres- 
pond to the elements of V. 


DVL A vector of Maximum variable 
increments. The ratio bet- 
ween step-to-step increment 
of variable cannot exceed 
the corresponding entry of 
DVL. Variables correspond 
to the elements of V. 


E N/Me Young's modolus of the 
torque tube material. 
EAL N/Me Young's modolus of the damper 
material. | 
EPSI Optimization fineness criterion 
GAMMA Exponent used in stator core 
loss caleulations 
GKI M Damper insulation layer thick- 
| ness. 
: t 
| HC A/M A five-element vector of 


magnetic field intensities 
used together with JC for 
defining superconductor H-J 
curve. 


I2 Per-unit Negative sequence tolerance 
requirement. 
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SYMBOL UNITS 
JC A/Me 


KBFL 


KBKL 


KBL 


KVAPU Per-unit 


KWA 
LTH 


NPA 


NU MIT 


POLE 


PZ w/KG 


ROAL KG /M? 


DEFINITION 


A five-element vector of 
current densities used together 
with HC for defining super- 
conductor H-J curve. 


Factor assigning part of 
field end turn length to 
active machine length. 


Factor assigning part of 
armature end turn length to 
active machine length for 
coupling to damper. 


End-winding modification 
factor. Rule-of-thumb 
armature and damper effective 
end winding lengths are 
multiplied by this factor. 


Volt-amperes used for critical 
clearing time calculation. 


Armature winding factor. 


Length of thermal distance 
piece at one end 


Number of phases-armature 
Number of iterative optimiza- 
tion steps. If set to zero 
CF calculates everything for 
the input data and optimiza- 
tion is done. 

Power Factor 

Number of Poles 


Poisson's ratio for torque- 
tube material. 


Dissipation density of core 
material at max flux density. 


Density of damper material 





SYMBOL 
ROB 
ROCU - 
-ROFE 
ROSS 
RP 


RPM 
SFA 


OFF 


SIGMAA 


© IGMAK 
THWAE 


THWFE 
TMAX 


TW 


VA 
VT 


XT 


UNITS 
KG/M 
KG/M 
KG/M 
KG/M 


REV/MIN 


Ss /M 


S/M 
RADIANS 


RADIANS 


N/Mo 


Volt-amperes 


Per-unit 


Per-unit 


DEFINITION 

Density of binding material 
Density of armature conductors 
Density of core iron 

Density of torque tube material 


Cryogenic refrigerator penalty 
(Watts input per watt at 4OK) 


Machine ‘speed 


Armature conductor winding 
space factor 


Field conductor winding space 
factor 


Conductivity of armature 
conductor 


Conductivity of damper material 


Armature phase belt angle 
(electrical) 


Field winding angle (electrical) 


Max shear stress in torque 
material 


Fraction of DV used as trial 
stepsize in stepsize determin- 
ing routine. 

Initial array of dimensions 
and current density. (see 

Table I.1) 

Machine rating 


Terminal voltage for critical 
clearing time calculation. 


Transformer reactance 


iboak 








SYMBOL UNITS DEFINITION 





X1 Per-unit Reactance of unfaulted line 


X2 Per-unit Reactance of faulted line 


oe 








VARIABLE 


Rey 


Table E.1 


SEARCH VARIABLES 


SYMBOL V_ SYMBOL DEFINITION 


RFI 
THF 
GFK 


GKA 
THA 
GAS 


AJF 


V(1) 
V(2) 
v(3) 
V(4) 
wie) 
V(6) 
V(7) 


v(8) 


Field winding inner radius 
Field winding thickness 

Field winding to damper gap 
Damper thickness 

Damper to armature winding gap 
Armature thickness 


Armature winding to stator 
core gap 


Field current density 


USS: 


APPENDIX F 


Variable Inputs 





for 
20,000 HP Generator 
40,000 HP Motor 
30,000 HP Motor 
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20,000 HP Generator 


SYMBOL VALUE SYMBOL VALUE 
RFI .12 M DV(1) .012 
THF .026 DV(2) .0026 
GFK .025 DV(3) .0025 
THK .05 DV(4) .005 
GKA .02 DV(5) .002 
THA alt DV(6) a{ojl 
GAS .02 DV(7) .002 
AF J 1.2 x 10° DV(8) 1.2 x 10° 
VA 15 X 10° va 
POLE 2 
RPM 3600 RPM 

40,000 HP Motor 
RFI 36 DV(1) .036 
THF .026 DV(2) .0026 
GFK .025 DV(3) .0025 
THK .05 DV(4) .005 
GKA .02 DV(5) .002 
THA mal DV(6) 07 
GAS .02 DV(7) .002 
ASF 1.2 x 10° DV(8) 1.2 x 10? 
VA 30 x 10° 
POLE 6 
RPM 200 


— § 








SYMBOL 
RFI 
THF 
GFK 
THK 
GKA 
THA 
GAS 
AJF 
VA 
POLE 
RPM 


30,000 HP Motor 


VALUE 
40 
026 
.025 
~05 
02 
ok 
02 


1.2 x 10° 
2Zec5 X 10° 


6 


200 
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oYMBOL 


DV(1) 
DV(2) 
DV (3) 
DV(4) 
DV(5) 
DV(6) 
DV(7) 
Dv(8) 





APPENDIX G 


Fixed Inputs for Computer Optimization Program 
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oYMBOL 


AJA 
BSMAX 
DMAX 
DVL(1-8) 
E 
EAL 
GAMMA 
EPSI 
GKI 
HC 

I2 

JC 
KBFL 
KBKL 
KBL 
KVAPU 
KWA 
NPA 
NUMIT 
VT 

XT 

X1 
X2 


VALUE SYMBOL 
BD) Xk 10° PF 
1.75 PR 
2.4 x 10° PZ 
fal 
2x lott ROAL 
6.94 x 102° ROB 
2.4 ROCU , 
005 
,02 ROFE 
see Table G.1 ROSS 
.05 RP 
see Table G.1 SFA 
5 SFF 
1.0 SIGMAA 
1.0 SIGMAK 
1.0 THWAE 
1.0 THWFE 
3.0 TMAX 
ng TW 
1.0 
0.1 
0.1 
0.1 
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VALUE 


150 
0.3 
2.65 


2600 
1800 
8800 


7500 
8000 
1000 
“as 

o.> 

6 x 10¢ 
2x 10° 
1.047 
2.094 
4.5 x 10 
0.1 





TABLE G.1 


HC VECTOR OF MAGNETIC FIELD INTENSITIES AND 
JC VECTOR OF CURRENT DENSITIES 
for defining the Superconductor H-J Curve 





SYMBOL VALUE SYMBOL VALUE 
HC (1) 5.5x10° JC(1) 0 

HC (2) 4 .38x10° 3 (2) 1x10° 
HC (3) 3.18x10 C(3) 2x10° 
HC (1+) 2.0x10° sc (4) 3x10° 
HC (5) .796x10° ge(5) 4x10° 
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APPENDIX H 


Ship Synthesis Model* 


*Ship Synthesis Model is the model in Reference (16). 
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The ship synthesis model is a method for estimating 
the weight, volume, electric load, speed and other overall 
ship characteristics of Naval Surface Displacement Ships. 
This program has been verified to give accurate results 
for ships which range in size from 300 to 700 feet in 
length and 1700 to 17,000 tons in displacement. The 
model does not attempt to define or check the arrangements 
required for the ship; therefore, highly arrangement 
dependent calculations cannot be performed. These include 
damage stability, topside arrangement, internal arrangements, 
longitudinal balance, and strength calculations. 

The synthesis model does provide solutions that 
satisfy the following requirements. First, there mst be 
a balance between weight and displacement. Second, internal 
space available must be equal to or greater than internal 
space required. Third, the energy available must at least 
meet the energy required to provide internal power and 
to propel the ship. Finally, the distribution of weight 
and volume must be such as to satisfy design criteria for 
transverse stability, girder strength and seakeeping. 

The model synthesizes a Naval surface ship from the 
following relationships: 

a. Selecting starting estimates for full load 


displacement and center of gravity based on 
a set of relationships and rules. 
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selecting the proper geometric relationships 
for Navy surface ships to match the hull 
form to the displacement and center of 
gravity. 

Linear fit for the selected hull form to the 
resistance and powering curves. 

Calculating the wedght of the specified pay- 
load items and other ship equipments to 
determine a more exact value for full load 
displacement. 

Calculate the center of gravity based on 
specified ship configuration and compare 

to estimated center of gravity. 

Calculate the volume required and match this 
with the calculated hull dimensions. 

Perform electric load calculations.. 

Compare equipment sizing relationships with 
the existing ship dimensions. 

Iterate through the above steps until all of 
the relationships agree to within a specified 
tolerance or until the maximum number of 
iterations has been performed without 
obtaining viable solution, in which case the 
ship as specified is infeasible. 
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a 


SHIP HOMNBPR 2 


¥SUS 
VEND 
RANGE 
LoP 
L/B 
8/H 
cP 

Cx 


PROP PLT 
SUS SHP 

NJ BOILS 
NU REACT 
MU) ENGS 

NU SWAP? 
PROP?LLR 
SHPT TYP 
PROP RP4 
PAOP DIA 
DePTi MB 
LENTH MB 
BEAM MB 

Pc END 

PC MAXSP 


PROP PLT 


SScL TYP 
EMEL TY? 


WT GRP 


0.00 
20.00 
6006.00 
529.00 
9.62 
2.89 
0.59 
0. 83 

0. 00 
0.C0 
b.00 
80000.C6 
0.09 
0.00 
4.00 
2.00 
2.00 
1.00 
169.00 
17.00 
0.00 
0.00 
0.09 
0.00 
0.00 


GASTURB2 


GASTURBB2 
GASTURB2 


YOL GRP 


SHIP SPECIFICATIONS 


DELTA CF 


SSEL TYP 
EMZL TYP 
NO LOWSD 
NU MEDSD 
NY HI SD 
NU GT GN 
NO ST GN 
KW/DIESL 
KW/GAS TI 
KW/STA G 
ELC MAHG 


HEAL TYP 
PIN STAB 


OFF ACC 


SHPT TYP 
PROPELLR 
FIN STAB 
HEAT TYP 


0.00 
0.00 
0.00 
0.00 
C.00 
3.00 
2.00 
0. 00 
C.00 
0.00 
3.00 
0.00 
0.D0 
2006.00 
0.00 
0.60 
0.00 
0.00 
C.CcOo 
1.00 
1.00 
0.00 
0.00 
0.00 
25.00 


HOLLOW 
CONT PIT 
NO 

STEAM 


SPECIAL PAYLOAD INPUT 


WT ¥CG NU 


WO SPECIAL PAYLOAD INPUT 
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VCG REP 


CPO ACC 21.00 
CREW ACC 252.00 
PLAG ‘ACC 0.00 
TEP ACC 0.00 
PASS ACC 0.00 
DAYS DUR 45.00 
0.00 
0.00 
0.00 
0.00 
HULL AAT 1.00 
SUPSTMAT 2.00 
0.00 
GM/B MIN 0.10 
0.00 
DISP TOL 190.00 
AXDIS IT 20.00 
¥CG TOL 1.00 
NuXVCG IT 20.00 
DCWTMARG 0.00 
PS CORR 0.00 
PRNT TYP 2.00 
PRNTCNST 1.00 
0.00 
PASSAGE 2.00 
HULL MAT STEEL 
SUP STMAT ALUMINUS 
PASSAGE PORTSTBD 
AREA SUP 


AREA 





SdiP NUMBER 2 


PAYLOAD SPECIPICATIONS 
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QWIY ITEM QNTY ITEM QNTY ITEN QNTY ITEM QNTY ITEM 
1.09 3 1.00 208 
1.00 18 1.00 209 
1.00 27 1.00 213 
1.00 40 4.00 215 
1.u0 586 1.90 222 
1.03 66 2.00 230 
1.00 74 1.00 232 
1.00 95 1.00 190 
1.0) 96 1.00 242 
2.00 100 1.00 241 
1.00 112 1.00 244 
1200.60 121 100.00 252 
36000.09 124 
1.00 148 
1.00 150 
2.00 180 
1.00 186 
16.00 194 
8.00 200 
1.00 204 
SUMMARY OF RESULTS 
LBP 529.00 DISP FLD 7890.66 FLD DENS 17.43 
BEAN 56.23 DISP LSP 5826.79 LSP DENS 12.87 
DRAFT 18.70 VR LOADS 1963.88 WPAY/PLD 0.05 
DO 40.55 WT MARG 100.00 WPER/PLD. 0.03 
D 10 33.06 WTGRP 1 3137.13  WOPS/FLD 0.44 
D 20 33.59 WTGRP 2 789.18  VPAY/VOL 0.16 
D AVG uC.47 WIGRP 3 296.89 VPER/VOL 0.25 
LEN R DK 321.06 WIGRP 4 250.28  VOPS/VOL 0.59 
cP 0.59 wWIGRP 5 739.77 wIG2/SHP 22.10 
CX 0.843 WIGRP 6 454,34 VNB/SSHP 2.45 
VCG FLD 22.27 WIGRP 7 159.20 WT3/KWIN 110.84 
VCG/DAVSG 0.65 VOL TOT 1014326.60 wTGI/VOL 6.93 
L/B 9.41 VOL HULL 773627.60 wTGS/VOL 1.63 
B/H 3.901 VOL SSTR 241298. 50 VHAB/MAN 724.02 
EACLS KG 0.00 CRUISEKW 1595.00 #HAB/HAN Bou .71 
/ RANGC 6000.00 BATTLERK & 1725.90 MEN/DISP 0. Ou 
SUs SHP 800C0. 00 24 HR KW 1606.00 KWIN/FLD 0.76 
| END SUP 11537. 13 NU LO“SD 0.00 SHP/DISP 10.14 
WSUS 32.87 WSU MEDSD 0.00 DP#*V/SHP 22.30 
VsND 2C.09 HU HI SD 0.C0 WPY®V/DP 1.64 
AVSEASPD 31.58 NU GT GN 3.00 
BRU ACCOM 298.C€90 NU ST GN Cc. 00 
Ki Lust 6000.00 KW/YDIESL 0.09 
Kw SPSER 6000.00 KW/GAS T 2000.00 
Ki# EBERG 0.00 KW/STH G 0.00 





SHIP WUSBER 2 


SUITP CONSTANTS 


ELENXENT NUMBER VALUE 

2250 1.96 

2251 1.74 

2252 1.49 

2253 1.65 

2254 1.40 

2255 1.39 

2256 1.48 

2257 2.12 

2258 1.76 

2260 1.67 

2261 3.32 

2262 2.55 

- 2263 4.92 

2264 1.49 

2205 2.56 

22606 4. 20 

2267 2.46 

2268 4.01 

: 2269 2.46 

2270 1.98 

2271 2.58 

2272 1.49 

2273 1.56 

2274 10.00 

sa py, SUB TS G.00 
2276 0.60 

2277 0.00 

2278 0.00 

2279 0.00 

22480 0.CO 

2281 0.00 
2282 0.00 
2283 C.00 

2284 0.00 
2285 0.00 

2286 0.00 

2287 0.00 
2288 0.00 
| 2289 0.00 
| 22990 0.00 
| 2291 0.00 
2292 0.00 

2293 6.00 

2294 0.00 

2295 0.00 

2296 0.00 

2297 G.60 

22498 0.00 

2299 0.00 
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SHIP NUABER 2 


GROUP 


100 


110 
111 
112 
113 
114 
115 
116 


12G 
121 
122 
123 
124 
125 
120 
127 
128 


130 
131 
132 
133 
134 
135 


140 
150 
169 
170 
180 


200 


210 
aii 
212 
213 
214% 
215 
216 
“217 
214d 
219 


NAHE 


MIL S1SS 


COMA/SDET 
RADIOCON 
RADAR 
SONAR 
ECM 
EVALUATE 
C/o SUPP 


WEAPONS 
GUNS 
MISSILES 
AS@ad 

MINE WAR 
3M ARMS 
CM NO EL 
WEAF SUP 
SPECWEAP 


AVIATION 
CONTROL 
STOW/SMNT 
STORES 
LIQUIDS 
ORDNANCE 


AN?K OPS 
CARGO 
FLAG 
PASSKGER 
SPEC FIS 


PERSONEL 


LIVING 

OPF BER 

OFF MESS 
OFF BATH 
CPO BER 

Ceo MESS 
CPC BAT 
CREW BER 
CREWNESS 
CREWBATH 


WEIGUT 


TONS 
392.8 


71.6 
17.2 
6.6 
12.4 
8.5 
6.1 
20.8 


279.9 
104.8 
0.0 
63.4 
0.0 
4.7 
39.4 
7.7 
0.0 


36.9 
12.4 


= 

£OoO Ooo oooa~ 
s eo # @ 

£O0 Co oo ~~ 0 


233.5 


ooooooo0ooc°c~s 


oooocreoo0ocere 
e 


* @ #6 @ 


WT FRAC 


0.0506 


0.0092 
0.09022 
0.0008 
0.0016 
0.0911 
0.00038 
0.0027 


0.0360 
020212 
0.0000 
0.0082 
6.0000 
0.0006 
0.0051 
0.0€610 
0.0000 


C.0048 


‘0.0016 


0.0023 
0.0909 
0.90000 
0.0000 


0.0000 
C.0000 
0.0000 
0.0000 
0.0006 


C.0307 


0.0090 
0.0000 
0.0000 
0.0000 
0.09C0 
0.0600 
0.9000 
0.0000 
0.0000 
0.0000 
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VOLUME 
CU PT 


159298. 


86451. 
5772. 
2553. 

24964. 

39964, 
d091. 
4537. 


42570. 
20952. 
0. 
15540. 
ve 
1499, 
0. 
4579, 
0. 


30247. 
3607. 
22200. 
4440, 
0. 

0. 


0. 
0. 
0. 
O« 
0. 


25 1990. 


154050. 
30454. 
7507. 
3347, 
9646. 
3462. 
2387. 
62826. 
21742. 
12679. 


DETAILED RESULTS--FUNCTIONAL GROUPING 


VOL FRAC 


0.1570 


0.0553 
0.0057 
0.0025 
0.0246 
0.0394 
0.0086 
0.0045 


0.0420 
0.0207 
0.0000 
0.0153 
0.0000 
0.0015 
0.0000 
0.0045 
0.0000 


0.U298 
0.0036 
0.0219 
0.0044 
0.0900 
0.0000 


0.0000 
0.0000 
0.0000 
0.0000 
0.0000 


0.2484 


0.1519 
0.0300 
0.0074 
0.0033 
0.0095 
0.0034 
0.0024 
0.0619 
0.0214 
0.0125 


DENSITY 
LBS/CU FT 


352 


1.85 
6.67 
5.79 
1.11 
0.48 
1.57 
10.26 


14.73 
17.62 
0.00 
9.13 
0.00 
7.02 
0.00 
3.77 
0.00 


2.73 
7.68 
1.80 
3.37 
0.00 
0.00 


0.00 
0.00 
0.00 
0.00 
0.00 


2.12 


1.02 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 











SHLP NUMBER 2 


DETAILED RESULTS--FPUNCTIONAL GROUPING CONTINUED 


GROUP NAHE WEIGHT 
TONS 
220 SUPPORT 45.2 
221 ADMIN FN 2. 
222 POOD Pé&ii 10. 


j 
0.u¥ 

223 MED &DEN 3.2 
224 PER SERV 15.9 
225 REC EWEL 3.2 
0.6 


226 SEWAGE 10. 

230 STOWAGE 123.5 
231 STORES 45.1 
232 PER STOW 24.9 


233 PCOTWATER 53.5 


320 SHIP OPS 3410.7 
310 CONTROL 120.1 
311 SHIP CNT 98.5 
312 DAN CGNT 0.0 
313 OPPICES 21.6 
320 MACH SYS 1259.1 
321 MACH SOX 722.2 
322 UPTAKES 130.5 
323 SU,BR,PH 253.1 
324 MANEUVER b1.7 
325 VENTILAT 71.6 
330 DECK AUX 115.1 
331 ANCH, MET =: 481 
332  -UNREP 27.0 
340 MAINTAIN 92,2 
341 MECHANIC 13.6 
34200 ELECTRIC 7.3 
343 SISC 66.3 
350 STOWAGE 1810.7 
351 PUZL OIL 1700.4 
352 R FEED W 0.0 
353s LOBE CIL 15,9 
35% DIES OIL 0.0 


355 A1SC LIQ 0 
356 STORESUP 69 
357 BOATS 25 


kT FRAC 


0.0058 
u.G603 
0.0014 
€.0004 
0.0020 
0.0004 
0.0013 


0.0159 
6.0058 
0.0032 
0.0669 


0.4392 


0.0155 
0.0127 
0.0000 
0.0028 


G. 1621 
0.90930 
G.0168 
0.0326 
6.0105 
0.0092 


C.0148° 


0.0113 
0.0035 


0.0419 
C.0024 
0.0CGY 
0.0085 


0.2332 
0.2190 
0.000) 
0.0020 
0.6000 
0.90000 
0.9090 
0.0032 
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VOLUAE 
CU FT 


61708. 

2933. 
16436. 
11002. 
15742. 
11516. 

40C0. 


36232. 
12381. 
11542. 
12309. 


603039. 


60658, 
26000. 

4357. 
30331. 


292877. 
195955. 
49150. 
3848. 
7000. 


5194. 
5094, 
100. 


21370. 
12173. 
4815. 
430l. 


72599. 
60393. 
0. 
604. 
0. 

0. 
11601. 
0. 


VOL PRAC 


0.0608 
C.0029 
0.0162 
0.9109 
0.0155 
0.0114 
0.0039 


0.0357 
0.0122 
0.0114 
0.0121 


0.5945 


0.0598 
0.0256 
0.0043 
0.0299 


0.2887 
0.1932 
C.0485 
0.0038 
0.0069 
0.0364 


0.0051 
0.0050 
0.0001 


0.0211 
0.0047 
0.0043 


0.0716 
0.0595 
0.0000 
0.0006 
C.0C00 
0.9000 
0.0114 
0.0000 


DENSITY 
LBS/CU FT 


1.64 
1.59 
1.47 
0.65 
2.26 
0.62 
5.60 


7.64 
8.16 
4.84 
9.73 


12.67 


4.43 
B49 
0.00 
1.59 


9.63 
8.26 
5.95 
147.38 
26.14 
4.34 


49.64 
38.74 
604.80 


9.67 
3242 
3-42 
33.89 


55.87 
63.07 
0.00 
57.44 
0.00 
0.90 
13.46 
0.00 





SdiP NUMBER 2 


DETAILED RESULTS--FUNCTIONAL GROUPING COKTINUED 





GROUP NAHE WEIGHT WT FRAC VOLUME VOL FRAC DENSITY 
TONS CU FT LBS/CU FT 

360 TANKAGE 0.0 0.0000 28278. 0.0279 0.00 
361 BALLAST 0.0 0.0000 ° 0.0000 0.00 
362 PEAK 0.0 C.0000 3409. 0.0034 0.00 
363 VOLDS 0.0 0.0009 24869. 0.0245 0.00 
Jou XFLOODNG 0.0 0.900¢ 0. 0.0000 0.00 
305 MISC TNK 0.0 0.0000 0. 0.0000 0.00 
370 PASSEKCC 13.5 0.0017 122033. 0.1203 0.25 
389 HULL HAR 0.0 0.0000 0. 0.0000 0.00 
390 SUP BMARG 0.0 0.0000 0. 0.0000 0.00 
400 HULL GRP 3421.2 0.4019 
41) BASCHULL 1326.1 0.1708 
420 SEC HULL 1583.0 0.2039 
430 DEC KHOUS 212.1 0.0273 
440 ARMOR 0.0 0.0000 
450 PREEFLLQ 9.0 0.0000 
500 SHIP SYS 602.4 0.0776 

TOTAL 7765.7 1.0000 1014327. 1.0000 17.15 
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SHIP WOUABER 2 


GROUP 


100 
101 
192 
lua 
104 
105 
166 
107 
108 
103 
110 
111 
112 
113 
114 
115 
116 
117 


~ 113 


119 
120 
121 
122 
123 
124 
125 
127 
128 
150 
151 


200 
201 
202 
2)3 
204 
205 
206 
207 
208 
299 
210 
211 
259 
251 


DETAILED RESULTS--BSCI WEIGHT LISTING 


NAME 


PLATING 
PRAHING 
INN BOTH 
PLATFLAT 


ALL OLCK 


SUPERSTR 
PROP PNO 
AUX FNOS 
Sir BRKHO 
TRKGENCL 
STP SPON 
AadHKOR 

AC T STR 
CAST& POR 
SLACHEST 
BAL UKIT 
SPiEC DRS 
DRS&HTCH 


MASTKGPT 
SONAR D& 
TCWRPLAT 
WELDRIVT 
PREEFLIY 
GRP1 TOT 


BOIL&CON 
PROFUNLT 
KN CONOS 
Sit, BR, PR 
COMB ALR 
UPTAKES 

PHOP CNT 
MN STA S 
PYECONON 
CIRCECHKS 
POSERSYS 
LBOLLSIS 
REPAIRPT 
OPER FLD 
GRP2 TOT 


WEIGHT 


TONS 


Cc 


e® 56« © @ @ @ @ © @ @ *#® @ 


=OWOOCON VON WOO G 


wi = 
wOemPowAOU TON WNOO © 


313 


© 
se 
© 


244.1 


oO 
e 
o 


253.1 


Ww 
Ga 
e 

ed 


130.5 


— 
oa 


Ww =_ 
ee «ee #® # @ @ 
SIA UT AD = OOO © 


WN De COCoOoO 


od) 
a & 


aT PRAC 
PULL LD 


0.0787 
0.0514 
0.0147 
C.0261 
0.0000 
0.0000 
C.9006 
0.0066 
0.0006 
0.0000 
0.0000 
0.0269 
0.0238 
0.0227 
0.0383 
6.0033 
0.0000 
0.0000 
0.0000 
0.0108 
0.0009 
6.0000 
0.9011 
0.C055 
6.0000 
0.0009 
0.00430 
0.0000 
0.0666 
0.0000 
0.3976 


0.0000 
0.0309 
0.0000 
0.0321 
0.0074 
0.0165 
0.0014 
0.0000 
0.0060 
0.0000 
0.0013 
0.0040 
C.0011 
0.1000 
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WT FRAC 
LITE SH 


0.1066 
0.0696 
3.0199 
0.0354 
0.0000 
0.0000 
0.C€C00 
0.0902 
0.0000 
0.0000 
0.0000 
0.0364 
0.0322 
0.0307 
0.0518 
0.0112 
0.0C00 
0.0000 
0.0000 
0.0147 
0.0012 
¢.0000 
0.0015 
0.0074 
0.0000 
0.0012 
0.0108 
0.0000 
0.0089 
0.0000 


0.0000 
0.0419 
0.0000 
0.0434 
0.0100 
0.0224 
0.0019 
0.0000 
0.0000 
0.0000 
0.0017 
0.0054 
0.0015 
0.0072 
0.1354 


¥CG 


=_> od 
a*) 
| 


=, 


Los) 
wOGCowooon mw «J 


ea, 
eo 
* @ 


owe 
ee 6 s«.UmUmstmtC<—~w a 
AI aw GOAN Ww OW GONWOTEODMOMWMOCOONNOAWMODON COON OUIN 


fee) fad ha 
e 


A 


WN 


ai ad ond 
e«lUmtmC<Ct SCD 


5 
aoocoaouwn NAOmoet oocowaywOUn woo 


wd 
WS 
e 


25.1 


WN 
o~d 
e 

WN 


16.6 
10.8 
12.0 
14.0 
17.8 
13. 9 
24.7 





SHIP WUNBER ee 


DETAILED RESULTS--BSCI WEIGHT LISTING CONTINUED 


GROUP NAME WEIGHT WI FRAC WT FRAC VCG 
TONS FULL LD ~—sLITzé SU PT 
300 ZL PWGEN 111.1 0.0141 0.0191 18.3 
391 POW SWBD 20.6 0.0026 0.0035 25.0 
302 CABLE 123.6 0.0157 0.0212 29.6 
303 LIGHTING 30.5 G.0046 0.0063 37.5 
350 REPAIKPT 4.5 0.0066 0.0008 21.9 
351 GEN PLDS 0.5 0.0001 0.0001 16.7 
GPP3 10T 296.9 0.0376 0.0510 25.9 
400 NAV EGUP 18.2 0.0023 0.06031 61.9 
401 IC SYSTS 76.9 0.0097 0.0132 34.3 
42 GFC SYST 11.6 6.0015 0.0020 63.1 
403 CM NO EL 39.4 0.0050 0.0068 28.9 
404 ECM 8.5 0.0011 0.0015 58.6 
405 MFC SYS 0.¢ 0.C000 0.0000 0.0 
436 ASW PCS 29-2 0.0037 0.0050 35.0 
807 TOR? FCS 0.0 0.00C0 0.0000 0.0 
408 RADAR 6.6 0.0008 0.0011 65.1 
89 RASIOCOM 17.2 0.0022 0.0030 49.6 
810 ELEC WAV 3.4 0.0004 0.0006 55.0 
011 SPACTRCK 0.0 0.0000 0.0000 0.0 
B12 SONAR 12.4 6.0616 0.0021 8.5 
413 EL=C TDS 6.1 0.0208 9.0010 58.6 
615 ZLECTEST 12.3 0.0016 0.0021 0.0 
459 REPAIRPT 8.5 0.0011 0.0015 31.3 
451 CC OPFLD 0.0 6.0000 0.0660 0.0 
GR24 TOT 250.3 0.0317 0.0430 37.3 
590 HEAT SYS 13.6 0.0017 0.0023 34.1 
501 VENT SYS 89.5 0.0113 0.0154 40.4 
502 AIR COND 46.5 0.0059 0.9080 23.1 
503 REFER PL Nile? 0.6015 0.0020 23.1 
| 504 ZAP, ETC 15.7 0.0020 0.0027 28.6 
i 595 PLUMBING 22.6 0.0029 9.0039 33.6 
| 506 PISEMAIN 62.5 0.0079 0.0107 32.3 
| 507 FIRE EXT 15.6 0.0020 0.0027 34.6 
528 BALSTSYS 25.1 0.0032 0.0033 11.6 
509 PRESiWAT 29.5 0.0037 0.0051 26.8 
510 SCUPPERS 3.6 0.9C05 2.0006 34.6 
511 FUELTRAN 60.5 0.0077 0.0104 16.4 
512 TANKHEAT 0.0 0.0000 0.0600 6.4 
513 CCNP AIR = 44241 0.0053 0.0072 16.4 
514 AUX STM 13.5 0.0017 0.0023 14.5 
515 BUOY CNT 0.0 0.0000 0.0000 0.0 
516 MISCPIPE 0.0 0.0000 0.0000 13.3 
517 ISTILLG 9.0 0.0011 0.0015 20.3 
513 STEERING 20.7 0.0031 0.0042 20.8 
519 RUDDERS 57.0 0.0072 0.0098 14.4 
520 ARCH, BGT = 7906S 0.0089 0.0121 30.7 
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SHIP NUKBER 2 


oe 


DETALLED RESULTS~--BSCI @EIGUT LISTING CONTINUEO 


GROUP HARE WEIGHT WT PRAC WY FRAC VCG 
TONS FULL LD LITE SH PT 

521 STOR EQP €.0014 0.0019 45.5 
Jee ELOPGEAR 0.0 0.0900 0.0000 0.0 
323 AIR ELEV 0.0 0.0900 9.0900 0.0 
524 ACARGEAR 0.0 0.0000 0.0000 0.0 
525 CATSEJBD 0.0 0.0900 0.0000 0.9 
520 HYDAGFLS C.0 0.0909 0.9000 0.0 
527 STAB FIN 0.0 0.0000 0.0000 9.1 
52a UNAEP 27.0 0.0034 G.G046 43.1 
550 He PALRPT 3.5 0.0004 0.0006 20.6 
551 AUX FLDS 37.4 G.0047 0.CC64 24.3 
GRP5 TOT 739.9 0.0938 0.1270 25.1 

600 HULL PIT 6.6022 0.0030 45.3 
601 BOATS 0.0032 0.0043 53.1 
602 RIGG&CANV 0.6661 0.0602 54.8 
693 LADGGRAT 0.0051 0.0070 20.5 
604 NONS BED 0.0039 0.0053 40.5 
605 PAINTING 0.0074 0.0101 26.1 
-- 606 DK COVER 6.0038 G.0051 37.9 
607 HULL INS 0.0075 0.0101 34.1 
608 SIORERMS 0.0074 0.0101 26.9 
609 UILL EQP C.0020 0.0027 31.4 
610 WASP EQF 0.0041 0.0056 36.1 
611 GALY EOP C.0014 0.0019 39.0 
612 LIV FUN 0.0051 0.0070 36.4 
613 OFP FURN 0.0033 0.0045 44.9 
614 MED FURN 0.0604 6.0C05 33.2 
615 RAD SHLD 0.0000 0.0000 0.0 
650 REPAIRPT 0.0003 0.0004 34.2 
651 O&P PLDS 0.0000 0.0000 0.0 
GkP6 TOT 0.06576 0.07380 33.9 

700 GUN SNTS 63.1 0.0105 0.07143 50.4 
7C1 0.0 6.0009 €.0000 0.0 
762 ; 0.90 C.0000 0.0C00 0.0 
73 SP@bPHES 0.0 0.0000 0.0000 0.0 
764 M1S LHES 46.7 G.G059 0.6C80 44.9 
705 0.0 0.0090 0.0000 0-0 
706 0.0 6.9000 0.0C00 0.0 
ToT 0.0 0.009) 0.0000 0.0 
Ler) TCkeTHES 8.6 0.0011 0.0015 46.1 
709 0.0 C.C000 0.0006 0.0 
Alo MINE HES 0.0 0.0000 0.0000 0.0 
711 S® ARMS 4.7 6.0006 0.0C08 43.1 
712 AIR Hest 0.0 0.0000 0.0000 0.0 
713 0-0 0.0600 0.0000 0.0 
720 CARGOHES 0.0 0.0000 0.0000 0.0 
759 REPAL&RPT 6.1 0.0008 0.6010 25-0 
751 APM FLDS 1-6 0.0002 0.0003 32.7 
GRP7 TOT 159.2 0.0202 0.0273 44.5 
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SHIP NUMBER 2 


DETALLED RESULTS~-~BSCI WEIGHT LISTING CONTINUED 


GROUP NAME WEIGHT WT. FRAC ¥CG 
TONS FULL LD ?T 

d00 SHIP OCE 33.4 0.0042 31.9 
801 TRPS&EFF 0.0 0.0000 31.9 
802 PASSELFF 0.0 0.0000 31.9 
803 ShIPASMO 79.5 0.0101 34.6 
Bu AVY ARHO 0.0 0.0000 0.0 
895 AIRCRAFT Ge! 0.0323 50.1 
86 PrOvVSPST 45.1 0.9057 22.6 
8907 GLN SiO 11.9 0.0015 25.8 
soa MARINEST t.0 0.0000 0.0 
809 AEKO STR 6.7 0.0008 34.4 
B10 ORDSTRSH 0.0 0.0000 0.0 
811 ORDSTRAV 0.0 0.0000 0.0 
8t2 POTWATER 53.5 0.0069 4.2 
813 R FEED W 0.0 0.€900 u.7 
b14 LUBOLLSH 15.5 0.0020 19.3 
815 LUBOILAY 0.0 0.0000 0.0 
816 FUEL OIL 1700.4 0.2155 9.0 
817 DIES OIL 0.0 0.0000 12.5 
aid GASOLINE 0.0 G.0006 0.0 
a19 JP-5 0.0 9.0000 0.0 
82) #Isc Liy 0.0 0.0000 0.0 
821 CARGO C.0 0.0000 0.0 
822 BALL WAT 0.0 0.0900 0.0 
VRLOAD TOT 1903.9 0.2489 11.2 
LIGIT SHIP 5826.8 0.73d4 25.6 

WT MARGIN 109.0 0.0127 43.1 

FULL LOAD DISP 7899.7 1.0000 22.3 


DETAILED RESULTS-~FUNCTIONAL ELECTRIC LOADS 





GROUP NAME CRUISE KW BATTLE Kw WR AVG KW 
109 PAG&STEER 384.5 443.4 306.2 
200 AUX GACT 342.2 422.7 476.4 
3090 DeCKPACH 2.0 1.5 0.3 
400 SHOPS 6.9 1,2 5.4 
502 ICecirx 223.8 264.9 226.3 
600 ORDN S¥S 25.6 202.1 12.7 ° 
T0090 HOTEL 192.9 127.4 159.5 
3800 A/CEVENT 958.3 495.2 692.4 
9900 Pwn CONV 110.0 214.6 99.4 
ELECKARG 1399.1 1395.3 1186.4a 
TOTAL KW 1595.0 1725.0 1600.0 


Lie 





14 
| 


| 
| 





C 
1 0 


SAMPLE INPUT 


SHIP CHARACTERISTIC INPUTS 
20 6000 529 9.62 2.89 .59 .831 0 0 6 80000 


m0 04% 221 169 17 
pie 3g 200030 20000 60001 1 


C 


CREW & STORES ENDURANCE 


50 25 21 252000 45 


c SHIP GEOMETRY TOLLERANCES 

61 120 .10 10 20 1 20 

72210 2 

C SHIP PAYLOAD 

100 1 3118 1 271401 58 1 661 74% 

114 195 1 96.2 100 1 112 1200 121 36000 124 1 148 
121 1 150 2 180 

132 1 186 16 194 8 200 1 204 1 208 1 209 1 213 
140 4 215 1 222 2 230 

152 1 232 1190 1 242 1 241 1 244 100 252 

Cc INPUT OF WTGP 2 

Loi 244.14 0 253.15 58.34 130.51 10.97 0 0 0 10.1 31.24 
450 8.5 42.23 

c INPUT OF WTGP 3 

500 111.14 

550 4.5 0.54 

E ELECTRIC LOAD SPECIFICATIONS 

2201 342.2 

2210 1595 

2212 422.7 

2221 1725 

2232 1600 
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C MULTIPLIERS OF VOLUME GROUPS 


2250 1.96 1.74 1.49 1.65 1.40 1.39 1.48 2.12 1.76 1.79 
2261 1.67 3.32 2.55 

2263 4.92 1.49 2.56 4.20 2.46 4.01 2.46 1.98 2.58 

2272 1.49 1.56 10.0 
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APPENDIX I 


BSCI Weight Groups - detailed listing 
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MODIFIED BSCI WEIGHT GROUPS 


Sub Group Description 
Bull Structure--Group 1 
100 Shell Plating 
101 Longitudinal & Transverse Framing 
102 Inner Bottom Plating | 
103 Platforms & Flats 
107 All Decks (BSCI 104 care 110) 
111 Superstructure 
112 Propulsion Foundations 
113 Foundations for Aux. & Other Equip. 
114 Structural Bulkheads 
115 7 Trunks & Enclosures 
116 ‘Structural Sponsons 
W197 Armor | 
118 Aircraft Saddle Tank Structure 
119 Castings & Forgings 
120 Sea Chests 
t21 Ballast & Buoyancy Units 
t22 Special Doors & Closures 
123 Doors & Hatches (BSCI 123 & gic? 
125 | Masts & Kingposts 
127 Sonar Domes 
128 Towers & Platforms 
150 Welding, Riveting & Fastenings 





151 Free Flooding’ Liquids 
Propulsion--—Group 2 | 


200 Boilers and Energy Converters 


(Includes Nuclear) 

201 Propulsion Units 3 

202 Main Condensers & Air Ejectors 

203 Shafting, Bearings & Propellers 

204 Combustion Air Supply 

205 Uptakes & Smoke Pipes 

206 | Propulsion Control Equipment 
207 Main Steam System 

208 Feed Water & Condensate System 

209 Circulating & Cooling Water System 

210 Fuel O41 Service Systems 

211 Lubricating Oil System 

250 Propulsion Repair Parts 

251 Propulsion Operating Fluids 


Blectric Plant--Group 3 


| 300 | ae Power Generation 





Sub_ Group Description 


301 Power Distribution Switchboards 
302 Power Distribution System (Cable) 
303 Lighting System 

420 Electric Plant Repair Parts 


Electric Power Generator Fluids 


Communication and Control--Group 4 


400 Navigation Equipment. 

401 Interior Communication Systems 

402 Gun Fire Control Systems 

405 Countermeasure System 
(Non-Electronic ) 

LOL, Electronic Countermeasure Systems 
(ECM) 

405 | Missile Fire Control Systems 

406 ASW Fire Control & Torpedo Fire 

Control System 

407 Torpedo Fire Control System-- 
Submarines 

408 Radar Systems 

409 Radio Communication Systems 

410 Electronic Navigation Systems 

Lit Space Vehicle Electronic Tracking 
systens 

hie Sonar Systems 

413 Electronic Tactical Data Systems 

815 Electronic Test, Checkout & 
Monitoring Equipment 

450 Communtcation and Control Repair 
Parts 

451 Communication and Control ane 
Fluids 





\duxiliary Systems--Group 5 


500 | Heating System 

501 Ventilation System 

502 - Air Conditioning System 

503 Refrigerating Spaces, Plant & 

Equipment 

504 Gas, HEAF, All Liquid Cargo Piping, 
Aviation Lube Oil System, Sewage — 
Sy stem 

505 Plumbing Installations 

506 Firemain, Flushing, Sprinkler, S.W. 
Service Systems 

507 - Fire Extinguishing System 

508 Drainage, Ballast, Stabilizing Tank 
System 
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Sub Group Description 


509 Fresh Water System 
510 : Scuppers and Deck Drains 
511 Fuel & Diesel Oi1 Filling, Venting, 
Stowage & Transfer System 
512 Tank Heating Systems 
513 Compressed Air Systems 
514 Auxiliary Steam, Exhaust Steam & 
- Steam Drains 
515 Buoyancy Control System, Submarines 
516 : Miscellaneous Piping Systems 
517 Distilling Plant 
518 Steering Systems 
519 Rudders 
520 Mooring, Towing, Anchor & Aircraft, 
- Handling System & Deck Machinery 
521 Elevators, Moving Stairways, Stores 
Handling Systens 
522 Operating Gear for Retracting & 
| Elevating Units 
523 Aircrafts Elevators 
52k Aigcraft Arresting Gear, Barriers 
& Barricades 
525 Catapults and wer Blast Deflectors 
526 . Hydrofoils 
527 Diving Planes & stabilizing Fins 
528 Replenishment at Sea & Cargo 
Handling 
550 Auxiliary Systems-Repair Parts 
551 Auxiliary Systems Operating Fluids 


Outfit and Furnishings--Group 6 


600 Hull Fittings 

601 _ Boats, Boat Stowage & Handling 

602 Rigging & Canvas — 

603. i Ladders & Gratings 

604 Nonstructural Bulkheads & Doors 

605 7 Painting 

606 Deck Covering 

607 Hull Insulation 

608 Storerooms, Stowages & Lockers 

609 Equipment for Utility Spaces 

610 Equipment for Workshops, Labs & 
ee Test Areas 

611 Equipment for Galley, Pantry, 

Scullery & Commissary Outfit 
612 Furnishings for Living Spaces 
613 Furnishings for Offices, Control 


Centers & Machinery Spaces 
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Sub Group Description 


614 . Furnishings for Medical, Dental 
Spaces 
615 Radiation Shielding 
650 Outfit & Furnishings, Repair Parts 
651 Outfit & Furnishings, Operating 
Fluids 


. Armament--Group 7 


700 Guns, Gun Mounts, Ammo Handling & 
| Storage (BSCI 700, 701, 702) 

703 | Special Weapons Handling & Stowage 

70k Rocket & Missile Launching, Hand- 


ling & Stowage Devices (BSCI 704, 
705, 706, 707) 


708 Torpedo Tubes, Torpedo Handling 
| ‘& Stowage 

710 Mine Handling Systems & Stowage 

711 3 Small arms & Pyrotechnic Stowage 

G2 | Air Launched Weapons Handling % 
Stowage (BSCI 712, 713) 

720 Cargo Munitions Handling & Stowage 

750 | Armament Repair Parts 

751 | Armament Operating Fluids 


‘Loads--Group 8 


800 Ships Officers, Crew & Effects 
801 Troops & Effects 
802 Passengers & Effects 
803 | Ships Ammo : 
804, : Aviation Ammo 
805 | Aircraft 
806 Provisions and Personnel Stores 
| 807 - General Stores 
| 808 Marines Stores 
809 Aero Stores 
| 810 Ordnance Stores Ship 
811 Ordnance Stores AV 
812 . Potable Water 
813 | Reserve Feed Water 
81h Lube Oil Ship 
815 Lube Oil Aviation 
816 Fuel Oil 
817 Diesel Oil 
818 Gasoline 
819 | JP=5 
820 | Miscellaneous Liquids 
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Sub_Group Description 


j 821 | Cargo 
i 822 Ballast Water 
| 825 a Future Development Margin 
} 
| 
; . 
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